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Abstract

The human–machine interface (HMI) of the mechanical support (MS) position (MS-HMIs)
of manned submersibles features multiple screens, information-rich displays, and complex
operational logic, which can reduce operator efficiency, increase cognitive load, and lead to
human errors. The layout determines the perception of information density, complexity,
and logic, making the optimization of the HMI layout highly significant. To address this
issue, a layout optimization approach is proposed based on a task-information network
integrating multi-objective optimization. First, the basic MS-HMI elements are decom-
posed, and Hierarchical Task Analysis (HTA) is used to construct task sequences and
element usage sequences. The Space-P and Space-L methods are applied to build the
task–information network, based on which element grouping and importance are deter-
mined through network topology analysis. Incorporating ergonomic layout principles, a
multi-objective optimization model is formulated and solved using the NSGA-II algorithm
to generate feasible optimized layouts. Experimental verification results demonstrate that
the optimized interfaces significantly outperform the original design in terms of opera-
tional performance, eye-tracking metrics, and subjective evaluations. Operation duration
and task completion time decreased by over 6%, average saccade speed was reduced by
up to 17.1%, and subjective ratings improved substantially. By integrating complex net-
work analysis, typical submersible task sequences, and ergonomic principles, this study
presents a systematic, evidence-based, effective, and task-compliant method for optimizing
HMI layouts.

Keywords: manned submersible; human–machine interface; hierarchical task analysis;
task-information network; NSGA-II algorithm

1. Introduction
The console of a manned submersible is an important channel for operators to obtain

information, make decisions, and execute commands. The mechanical support position is
a typical role within a manned submersible, responsible for ensuring the safe operation
of the submersible’s mechanical system. Its primary duties include monitoring of the
submersible’s attitude and depth and the status of various valves and control systems to
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ensure smooth operation under various working conditions. Facing the rapidly changing
underwater environment, operators need to continuously monitor a large amount of
updated real-time information on the human–machine interface (HMI). In emergency
situations, operators must be able to quickly identify and analyze abnormal information,
make decisions, and provide accurate and timely responses to ensure stable operation.
With the development of HMIs, the need for traditional tasks is gradually decreasing.
However, operators still face a relatively high workload [1]. This challenge is not unique to
submersibles: studies on maritime operator workload have demonstrated that information-
intensive multi-screen displays in safety-critical marine environments significantly increase
cognitive demands and the risk of human error [2]. Relevant research shows that by
optimizing the layout of the HMI, it is possible to reduce human error, lower mental
workload, and improve visual search efficiency and comfort [3–7]. Therefore, it is necessary
to conduct research on the optimization of human–machine interface layouts.

At present, research on the optimization of layout mainly focuses on the theoretical ex-
ploration of principles such as static operation panels and display- and control-component
layouts. In the early days, research was mainly conducted through expert scoring or ex-
perience [8,9]. With the development of technology, statistical data metrics such as usage
frequency, usage order, and error factors began to serve as an objective basis [10,11]. Later,
researchers gradually introduced mathematical models such as the TOPSIS method [12], the
multi-criteria method [13,14] and the GEM-AHP method [15]. In the maritime and naval
engineering domain, related work has addressed the optimization of cabin-equipment
layout using human reliability analysis and multi-objective algorithms [16], and submarine
interface design has been explored from the perspective of cognitive work analysis [17].
Studies on deep-sea submersible HMIs have further examined human reliability evalua-
tion [7] and the effects of automation levels on operator performance [4,18]. Static operation
panels and display and control components involve less information complexity and are
easier to operate. However, in MS-HMIs, there are multiple interfaces with complex and
variable information, and the types of operation tasks are diverse. These existing methods
were developed primarily for interfaces with fewer elements and simpler task structures
and have not addressed the multi-screen, information-dense characteristics of submersible
HMI layouts. Practical optimization methods need to be established for the complex
characteristics of MS-HMIs.

Complex network theory serves as an effective tool for studying complex systems [19]
and has been widely applied in the field of ergonomics. Some studies construct various
network models, such as information, task, and social networks, to analyze critical nodes
and information flow patterns, thereby optimizing human–machine systems and enhancing
their efficiency and reliability. Stanton et al. [20] constructed social, task, and information
networks to identify key nodes and load issues in information transfer, providing a basis for
optimizing team collaboration [21–23]. While EAST operates at the level of team cognition
and inter-agent information flow, the present study focuses on intra-interface element
relationships for single-operator layout optimization, representing a complementary but
distinct application of network-based analysis. Zheng et al. [24] built human–machine
interaction information networks based on different granularities, offering insights for
improving the reliability of human–machine interaction systems through the optimization
of display- and control-device layouts. Wang et al. [25,26] proposed a method for con-
structing complex networks of aircraft cockpit display and control devices based on expert
evaluations and objective experiments. Through community analysis, they revealed the
associations between devices, providing a foundation for cockpit layout optimization. As a
complex system of submersibles, the HMI can benefit from complex network theory as an
effective and reliable approach for layout optimization.

https://doi.org/10.3390/jmse14131176

https://doi.org/10.3390/jmse14131176


J. Mar. Sci. Eng. 2026, 14, 1176 3 of 28

Existing studies have employed different network modeling methods, each with dis-
tinct emphases. Zheng et al. [24] and Wu et al. [27] constructed networks utilizing the
Space-P method, which focuses on the close connections between information elements but
fails to reflect the logical relationships within tasks. In contrast, Wang et al. [28] adopted
the Space-L method, which emphasizes the logical associations of tasks but results in a
sparser network structure, potentially weakening the relationships between basic elements.
These limitations suggest that neither method alone is sufficient to comprehensively charac-
terize the complex relationships among interface elements, including their usage frequency,
operation sequences, and logical connections within task sequences. Furthermore, existing
research has yet to systematically transform network topology outcomes into quantita-
tive inputs for a multi-objective layout optimization framework, leading to less objective
outcomes in interface layout optimization. This gap is particularly pronounced in the
context of manned submersible HMIs, where multi-screen displays, diverse task types,
and safety-critical operational requirements impose demands that go beyond those ad-
dressed by existing methods. Therefore, this study proposes an integrated task-information
network approach that combines the Space-P and Space-L methods to comprehensively
characterize element relationships and systematically transforms the resulting network
topology characteristics into a multi-objective optimization framework incorporating er-
gonomic design principles, with specific application to the mechanical support position of
manned submersibles.

This paper proposes a method based on complex network theory to reformulate the
optimization problem of complex MS-HMIs as a multi-objective optimization framework.
Owing to the complex information structure and diverse tasks associated with the MS
position, the Space-P and Space-L methods are integrated with Hierarchical Task Analysis
(HTA) to construct a task-information network. The characteristics of the resulting network
topology provide the mathematical foundation for the multi-objective optimization prob-
lem. The novelty of this work lies in three aspects: (1) integrating Space-P and Space-L
networks into a unified task-information network that captures both co-occurrence and
sequential relationships among interface elements; (2) systematically transforming network
topology outcomes into mathematical constraints and objective functions for NSGA-II
optimization; and (3) providing experimental verification of the optimized layouts in terms
of operational performance, eye-tracking metrics, and subjective evaluations through a
submersible simulation experiment.

2. Methods
2.1. Layout Design Principles

The HMI of a manned submersible serves as the central hub for command and control,
and the mechanical support (MS) position includes two sub-interfaces: the attitude control
interface (ACI) and the ups-and-downs control interface (UDCI) [18,29]. The typical
tasks of the MS position include five items: heel-angle adjustment, trim-angle adjustment,
emergency depth change, monitoring of navigation status, and monitoring of equipment
status. When performing tasks, operators need to frequently switch between these two
interfaces through the taskbar to obtain information, faced with challenges such as poor
structure, intermittence, and interference. These issues can reduce work efficiency, increase
cognitive load, and easily result in safety incidents. Therefore, it is essential to analyze and
study the HMI, optimize its layout design, and thereby enhance the operational efficiency
and safety levels.

The HMI is composed of multiple basic elements, each of which represents the smallest
unit for operation or information viewing. The collection of these basic elements is denoted
as E = {e1, e2, . . . ek}, where k is the total number of basic elements. Each basic element can
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be regarded as a rectangle with fixed dimensions, with its length and width denoted as wi

and hi, respectively. The layout information can be represented by a vector consisting of
the coordinates (xi, yi) and dimensions of the basic elements, as shown in Equation (1)

L = { (xi, yi, wi, hi)|i = 1, 2, . . . , n} (1)

The basic elements in the interface encompass all operational and informational
display units. By optimizing the positional coordinates of these basic elements, the layout
of the HMI can be effectively optimized.

The HMI layout of a manned submersible must consider ergonomic requirements
to reduce operational load and enhance interaction efficiency. The optimization process
should incorporate layout principles such as spatial compatibility, hierarchy, proximity com-
patibility, operational sequence, and the shortest-distance principle. Detailed explanations
of these principles are provided in Table 1 [30–35].

Table 1. Summary of HMI layout design principles.

Layout Principle Description

Spatial Compatibility

Mutual interference and overlap among all basic elements
should be avoided, and a minimum margin should be
maintained between all basic elements and the boundaries
of the interface.

Hierarchy
Basic elements with high importance and frequent usage
should be positioned within the optimal visual range of the
human eye or the optimal operational range of the hand.

Proximity Compatibility
Basic elements with high correlation or consistent
functionality should be arranged adjacent to or in close
proximity to each other.

Operation Sequence
Basic elements of the interface used during the operation
process must be positioned relative to the
operational sequence.

The Shortest Distance
The distance between the basic elements of the interface
should be minimized throughout the task process to reduce
the time spent on mouse movement and visual search.

2.2. Task-Information Network
2.2.1. Task Sequence and Element Usage Sequence

To investigate the complex relationships between interface information elements and
task processes, it is necessary to analyze submersible tasks by breaking them down into
specific operations corresponding to individual interface elements, thereby completing the
analysis of typical task sequences and element usage sequences. Hierarchical Task Analysis
(HTA) [36] clearly presents the components of tasks through a hierarchical structure, making
it suitable for analysis of complex multi-step and multi-level tasks of submersibles.

After completing the HTA of typical tasks, the typical task processes are mapped
to the basic elements of the interface, establishing the relationships between tasks and
basic elements. The task sequences and element usage sequences are defined as T and S,
respectively, while those of each typical task are sequentially defined as Ti and Si, with the
trigger count of the typical task denoted as fi, where i is the number assigned to the typical
task. Therefore, the task sequences and element usage sequences of the overall submersible
task can be expressed as Equation (2).
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
T = {(T1, f1), (T2, f2), . . . , (Tn, fn)}

S = {(S1, f1), (S2, f2), . . . , (Sn, fn)},
(2)

wherein n represents the total number of typical tasks.

2.2.2. Basic Element Grouping and Importance Analysis

Complex networks consist of nodes and edges, with nodes abstracted from the ele-
ments and edges derived from the inter-relationships between these elements [19]. In this
study, the task-information network is constructed based on the Space-P network and the
Space-L network. The grouping and importance of basic elements in the HMI are analyzed
through the topological characteristics of the network.

(1) Basic element grouping analysis based on the Space-P network.
The Space-P network effectively highlights the close connections among basic elements

within the same subtask, reflecting logical relationships such as the usage sequences, usage
frequency, and interdependencies. When employing the Space-P method to construct
the network, the resulting structure is dense and emphasizes the adjacency relationships
between nodes [37]. This network is based on the following assumptions:

Assumption 1. Nodes represent basic elements, and edges represent the relationships between
these elements.

Assumption 2. It is an undirected network. If two basic elements appear in the element us-
age sequences within the same secondary subtask, an edge is considered to exist between these
two elements.

Assumption 3. It is a weighted network. The weight of the edge between basic elements p and q
is determined by the sum of the products of the typical task trigger frequency and the occurrence
number of the edge in the corresponding typical tasks.

Based on these assumptions, the Space-P network is constructed by taking the set of
basic elements, typical task sequences, and element usage sequences as inputs. Basic ele-
ments correspond to network nodes, forming the node set expressed as V = {e1, e2, . . . ek}.
Since the Space-P network is an undirected and weighted network, its adjacency matrix
is symmetric. The values in the matrix represent the weights of the edges between basic
elements, and the values in the adjacency matrix (An×n) can be expressed as Equation (3) :

Ap,q = Aq,p = ωp,q =
n
∑

i=1
fi · (

mi
∑

j=1
Cp,q(Si,j))

Ap,q = 0

, p ̸= q

, p = q
(3)

In the equation, ωp,q represents the weight of the edge between basic elements p
and q, fi denotes the trigger frequency of the i-th typical task, and Cp,q(Si,j) describes the
co-occurrence of p and q in the element usage sequence (Si,j) of the j-th secondary task in
the i-th typical task. If the two basic elements co-occur, the number of co-occurrences is
recorded; otherwise, it is counted as 0. n is the total number of typical tasks, and mi is the
number of secondary tasks in the i-th typical task.

Community structure refers to the grouping of nodes in a network that share similar
attributes or play similar roles in the network system [37]. In the constructed Space-P
network, the basic elements of the HMI correspond to network nodes. By analyzing the

https://doi.org/10.3390/jmse14131176

https://doi.org/10.3390/jmse14131176


J. Mar. Sci. Eng. 2026, 14, 1176 6 of 28

community structure of the Space-P network, a mathematically task-logical basis can be
provided for grouping of the basic elements. The algorithm based on modularity proposed
by Girvan and Newman [38] seeks the community partition with the highest modularity by
testing different partitioning methods. Modularity is an indicator measuring the quality of
community partitioning; the higher the modularity, the better the effect of the community
partition. Among these, the most widely used is the Newman fast algorithm [39]. Initially,
it assumes each node in the network as an individual community, then iteratively merges
nodes in the network until locally optimal modularity is achieved.

(2) Basic element importance analysis based on the Space-L network.
Using the Space-L method to construct a network, the sequential relationships within

the task processes are employed to establish edges [37]. This network emphasizes the
logical structure of tasks or systems, and the following assumptions are made for the
network model:

Assumption 4. Nodes represent basic elements, and edges represent the relationships between
these elements.

Assumption 5. It is a directed network in which the direction of the edges indicates the order of
use of the basic elements in the task processes.

Assumption 6. It is a weighted network in which the edge weights are determined by the sum of the
products of the trigger frequency of typical tasks and the number of occurrences of the corresponding
element usage order in the element usage sequence within the typical tasks.

Based on the assumptions, the Space-L network is constructed using the set of basic el-
ements, typical task sequences, and element usage sequences as inputs. The basic elements
correspond to the network nodes, forming the node set expressed as V = {e1, e2, . . . ek}.
The values in the adjacency matrix (An×n) represent the weights of the edges between the
basic elements and can be expressed as Equation (4).

Ap,q = wp→q =
n

∑
i=1

fi · Cp→q(Si) (4)

In the equation, wp→q represents the weight of the edge directed from basic element p
to basic element q, fi denotes the trigger frequency of the i-th typical task, and Cp→q(Si)

represents the number of occurrences of the element usage order (p → q) in the element
usage sequence (Si). If this order appears, its occurrence count is recorded; otherwise, it is
counted as 0. Additionally, n represents the total number of typical tasks.

Node centrality research enables the assessment of the importance of nodes within a
network, primarily including Degree Centrality (DC) [40], Betweenness Centrality (BC) [41],
and Eigenvector Centrality (EC) [42], among other methods.

The degree of a node in a network refers to the number of edges connected to the node.
DC measures the direct influence of a node, positing that the higher the degree of a node,
the more important it is. This indicator emphasizes the importance of a node within its
local neighborhood [40]. For a node (vi) with a degree of ki, its normalized DC is expressed
by Equation (5).

DC(i) =
ki

N − 1
(5)

In the equation, N represents the total number of nodes in the network.
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BC is the number of shortest paths in a network that pass through a given node. Nodes
with a high BC often serve as critical connections between different communities [41]. The
BC of node vi is shown in Equation (6).

BC(i) = ∑
i ̸=s,i ̸=t,s ̸=t

gi
st

gst
(6)

In the equation, gst represents the total number of shortest paths from node vs to node
vt, and gi

st denotes the number of shortest paths among gst that pass through node vi.
EC not only takes into account the number of connections of a node itself but also

considers its connections with other important nodes, emphasizing the overall influence of
the node in the network [42]. The expression of EC is shown in Equation (7).

EC(i) =
1
λ ∑

j
AijEC(j) (7)

In the equation, Aij is the element in the adjacency matrix, and λ is the
maximum eigenvalue.

A node centrality analysis of the Space-L network model is conducted using three
indicators: weighted DC, BC, and EC. There are significant differences in their numerical
magnitudes and focus directions. Therefore, it is necessary to conduct a comprehensive
evaluation of each indicator. In order to avoid the influence of subjective factors on the
weight assignment, this study uses the entropy weight method to determine the weights of
each centrality indicator. The weights calculation method is shown in Equation (8).

wj =
1 − Ej

∑m
j=1 (1 − Ej)

, Ej = − 1
ln n

n

∑
i=1

rij ln rij, rij =
xij

∑n
i=1 xij

(8)

In the equation, xij is the value of node i for indicator j, n is the total number of
nodes, m is the number of indicators (DC, BC, and EC), rij is the normalized value, Ej is
the information entropy of the j-th indicator, and wj is the corresponding weight. When
rij = 0, let rij ln rij = 0.

By performing weighted summation of the normalized centrality indicators, the
importance of each basic element is obtained, as shown in Equation (9).

Ii =
m

∑
j=1

wj × x̂ij, x̂ij =
xij − mini(xij)

maxi(xij)− mini(xij)
(9)

In the equation, Ii is the importance of node i, and x̂ij is the normalized value of node
i for indicator j.

2.3. Layout Optimization Model
2.3.1. Objective Function

(1) Weighted distance from the optimal point on the screen.
Regard the geometric center as the optimal viewing point [43], according to the

requirements of the hierarchy principle, we define the objective function (F(1)) as the
sum of the products of the importance of all basic elements and their distances from the
optimal point. The smaller the value of F(1), the closer the elements with high importance
and high usage frequency during the task are to the optimal viewing point, as shown in
Equation (10).

F(1) =
n

∑
i=1

ωidi =
n

∑
i=1

ωi

√
(xi − xc)

2 + (yi − yc)
2 (10)
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In the equation, n is the total number of basic elements, ωi is the basic element
importance, xi and yi are the abscissa and ordinate of the geometric center of the ba-
sic element respectively, and xc and yc are the abscissa and ordinate of the optimal
point respectively.

(2) Operation time.
According to the requirements of the operation-sequence principle and the shortest-

distance principle, the arrangement of elements should conform to the operation order, and
the distance between elements should be shortened as much as possible.

The operation time occupied by mouse movement during the operator’s task execution
according to Fitt’s law [44,45] and the model proposed by MacKenzie et al. [46] is shown in
Equation (11).

MT = a + blog2(1 +
A
W

) (11)

In the equation, a and b are empirical values, A is the moving distance of the mouse,
and W is the width of the click target.

The elements that require mouse movement for operation are extracted from the
element usage sequences of the total task and denoted as O, while the operation path
sequences are denoted as P. The distances between the elements are calculated according
to the position coordinates. The distances corresponding to each segment of the operation
path of the typical task numbered i are substituted to obtain the operation path length (Ai)
of this typical task. The operation path sequences and operation path lengths of the total
task and the typical tasks can be expressed as Equation (12).

P = {(P1, f1), (P2, f2), . . . , (Pn, fn)}

Pi =

{
(Oi(1), Oi(2)), (Oi(2), Oi(3)),
. . . , (Oi(k − 1), Oi(k))

}

Ai =
{

dPi(1), dPi(2), . . . , dPi(k−1)

}
=
{

dOi(1),Oi(2), dOi(2),Oi(3), . . . , dOi(k−1),Oi(k)

}
(12)

In the equation, fi represents the trigger frequency of the i-th typical task and n is the
number of typical tasks. The operation element sequence of this typical task contains k
values, and the operation path sequence contains k − 1 values.

The objective function (F(2)) is defined as the sum of the operation times occupied
by mouse movement. The smaller the value of F(2), the more the arrangement of the
elements conforms to the operation sequence and the shorter the distance is, as shown in
Equation (13).

F(2) =
n

∑
i=1

(
fi

k

∑
j=1

log2(1 +
Ai,j

wj
)

)
(13)

In the equation, Ai,j represents the j-th value in the operation path length of the i-th
typical task, and wj represents the width of the basic element pointed to by the j-th value
in the element operation sequence.

(3) Visual search distance.
The requirements of the operation-sequence principle and the shortest-distance princi-

ple not only require that the operation distance involving mouse movement be as short as
possible but also that the visual search path be as short as possible.

Since the viewing of information and the operation of elements are both accompanied
by the movement of the fixation point, the element usage sequence (S) is consistent with the
visual-search path sequence. The visual-search path sequence of the total task is denoted as

https://doi.org/10.3390/jmse14131176
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Q; the distances (d) corresponding to each segment of the visual search path of the typical
task numbered (i) are substituted and summed to obtain the visual-search path length (Li).
The visual-search path sequence and its length can be expressed as Equation (14).

Q = {(Q1, f1), (Q2, f2), . . . , (Qn, fn)}

Qi = {(Si(1), Si(2)), (Si(2), Si(3)), . . . , (Si(k − 1), Si(k))}

Li =
k−1
∑

j=1
dQi(j)

(14)

In the equation, fi represents the trigger frequency of the i-th typical task, and n is
the number of typical tasks. If the element usage sequence contains k values, and the
visual-search path sequence contains k − 1 values.

The objective function (F(3)) is defined as the sum of the lengths of the visual search
paths in the total task process. The smaller the value of F(3), the more the arrangement of
the elements conforms to the operation sequence and the shorter the distance is, as shown
in Equation (15).

F(3) =
n

∑
i=1

fi · Li (15)

In the equation, Li represents the length of the visual search path of the i-th typical task.

2.3.2. Constraints

(1) Size of the interactive interface.
The basic elements should be arranged within the interface and should maintain

a margin from the edges of the screen. Therefore, the upper and lower bounds of the
coordinates of the basic elements are defined as shown in Equation (16).

xi ≥ wi
2 + mmin

xi ≤ W −
(wi

2 + mmin
)

yi ≥ hi
2 + mmin

yi ≤ H −
(

hi
2 + mmin

)
(16)

In the equation, xi and yi are the abscissa and ordinate of the geometric center of
the basic element respectively, wi and hi are the length and width of the basic element
respectively, W and H are the length and width of the interactive interface respectively, and
mmin is the minimum margin of this element.

(2) Spacing between basic elements.
According to the spatial compatibility principle, any two elements are not allowed to

overlap each other. The operable elements should all satisfy the constraint conditions as
shown in Equation (17). 

∣∣xi − xj
∣∣ ≥ wi+wj

2 + dx

∣∣yi − yj
∣∣ ≥ hi+hj

2 + dy

(17)

In the equation, j is the number of other elements in the same sub-interface that should
not overlap with element i, xi and yi are the abscissa and ordinate of the geometric center
of the basic element respectively, wi and hi are the length and width of the basic element
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respectively, and dx and dy are the minimum horizontal and vertical spacings between
elements respectively.

(3) Grouping of basic elements.
According to the proximity compatibility principle, elements belonging to the same

group should be arranged adjacent to or close to each other. Therefore, the constraint
conditions shown in Equation (18) should be satisfied.

(xi − xa)(xi − xb) ≥ 0

(yi − ya)(yi − yb) ≥ 0
(18)

In the equation, a and b are the numbers of basic elements belonging to the same group,
and i is the number of any basic element of other groups in the same sub-interface. xi and
yi are the abscissa and ordinate of the geometric center of the basic element respectively.

2.3.3. Optimization Algorithm

The optimization problem takes the coordinate positions of the basic elements as
optimization variables and includes three objective functions and three sets of constraints.
In this study, the NSGA-II algorithm is adopted for solution. The NSGA-II algorithm was
proposed by Deb et al. [47,48], with the Pareto-front solution set as the output and relevant
parameters such as the initialized population, constraint conditions, objective functions,
and population size as the inputs. The core process is shown in Figure 1.

First, fast, non-dominated sorting is performed, with the fitness values of each point
in the population under multiple objective functions used as the basis for non-dominated
sorting, dividing the population into several fronts. The second step is to calculate the
crowding distance of each point within each front. The larger the crowding distance is,
the greater the contribution of this point to the diversity of the solution set. Then, based
on the elitist retention strategy, the points in the non-dominated fronts are selected, and
the solutions in the fronts with higher rankings are preferentially selected. When the
number of points in the same front exceeds the population size, the points with larger
crowding distances are preferentially selected. Next, crossover and mutation operations are
performed on the selected parent points to generate new offspring points. Then, the parent
generation and the offspring generation are merged, followed by non-dominated sorting,
crowding distance calculation, and another round of selection. The first N individuals
to enter the next generation are retained. These steps are repeated iteratively until the
termination condition is met [47].

2.4. Verification Experiment

We established a simulation task platform for manned submersibles that abstracts and
simplifies the tasks and HMI in real scenarios and complies with the task requirements
in real scenarios. The interface of the mechanical support (MS) position in the simulation
task platform includes two sub-interfaces: the attitude control interface (ACI) and the
ups-and-downs control interface (UDCI). These interfaces can be switched through the
menu bar. The original interface is shown in Figure 2.

To determine the minimum sample size that statistically meets the experimental
requirements, this study used G*Power 3.1.9 to estimate the sample size and calculated the
sample size using repeated-measures ANOVA. The significance level was 0.05, the statistical
power was 0.80, the effect value was 0.3, the spherical hypothesis correction coefficient
was 1, and the repeated-measures correlation coefficient was 0.5. The pre-statistical power
analysis results showed that the minimum required sample size was 15 people. A total
of 18 subjects (age: mean = 23.17; SD = ± 1.62) were recruited for this experiment. Due
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to the fact that operators in the mechanical support positions of manned submersibles
were predominantly male, subjects were chosen to be male engineering students with a
bachelor’s degree or above; in good health, with normal hearing, with normal vision or
corrected vision, without color weakness or color blindness, right-handed, and proficient
in operating computers.

Figure 1. Schematic illustration of the optimization process.

The experiment was carried out based on the simulated tasks of the MS position on
the submersible simulation platform. The experiment utilized an aSee A3 desktop portable
eye tracker to synchronously record eye-movement data.

Prior to the experiment, participants underwent one day of training and completed
nine experimental tasks in sequence according to the Latin-square sorting results. Each
task lasted for 10 min, with a 5 min break after each task and a 20 min break after every
three tasks. The sorting of the Latin-square experimental design is shown in Appendix A.
After the experiment, the subjects filled out the Overall Design Evaluation Questionnaire
and the Layout Mode Evaluation Questionnaire to record their subjective preferences for
different interfaces. The evaluation of mental workload adopted the NASA-TLX [49,50].
The subjects were required to fill it out after each simulated task to record their subjective
feelings about the workload [51]. This study was approved by the Institutional Review
Board (IRB) of Beihang University (BM20240178). The experimental procedure is shown in
Figure 3.

IBM SPSS Version 27 was used for the statistical analysis of the experimental data.
Due to the small sample size of this experiment, the Shapiro–Wilk test was employed to
conduct a normality testing on the data. If p ≥ 0.05, the data are considered to basically
satisfy the normal distribution. Repeated-measures analysis of variance was used to test
whether the differences under different layout interfaces were statistically significant.

https://doi.org/10.3390/jmse14131176

https://doi.org/10.3390/jmse14131176


J. Mar. Sci. Eng. 2026, 14, 1176 12 of 28

(a) Attitude control sub-interface

(b) Ups-and-downs control sub-interface

Figure 2. The original interface of the MS position of manned submersibles.

Figure 3. Experimental procedure.

3. Results
3.1. Task Sequence and Element Usage Sequence

According to the original interface, a total of 24 basic elements are divided. The
division results and element numbers are shown in Table 2.
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Table 2. Basic elements of MS-HMIs.

No. Element Sub-Interface

e1 Menu bar ACI/UDCI
e2 Information bar ACI/UDCI
e3 Heel angle ACI
e4 Heel-structure diagram ACI
e5 Heel-pump button ACI
e6 Heel valve ACI
e7 Heel-valve opening ACI
e8 Heel water adjustment volume ACI
e9 Heel-compartment water volume ACI
e10 Trim angle ACI
e11 Trim-structure diagram ACI
e12 Trim-pump button ACI
e13 Trim valve ACI
e14 Trim-valve opening ACI
e15 Trim adjustment water volume ACI
e16 Trim-compartment water volume ACI
e17 Instruction UDCI
e18 Depth UDCI
e19 Depth-structure diagram UDCI
e20 Depth-pump button UDCI
e21 Depth valve UDCI
e22 Depth-valve opening UDCI
e23 Depth water adjustment UDCI
e24 Depth-compartment water volume UDCI

Based on the task operation specifications, a HTA is conducted on the five typical
tasks, and each typical task is decomposed into third-level subtasks. Then, the hierarchical
structure of each typical task, the corresponding specific task operations, and interface
elements are obtained. The HTA analysis results are shown in Appendix B.

According to the triggering situations of various typical tasks, the trigger counts of
the five typical tasks are 1:1:1:5:2, which are respectively denoted as fi, where i = 1−5. The
task sequence and the element usage sequence can be expressed by Equation (19).{

T = {(T1, f1), (T2, f2), (T3, f3), (T4, f4), (T5, f5)}
S = {(S1, f1), (S2, f2), (S3, f3), (S4, f4), (S5, f5)}

(19)

3.2. Task-Information Network Analysis

The node set of the Space-P network model contains 24 basic elements, and the
adjacency matrix (A24×24) contains 105 edges. To illustrate the network construction
process, consider the first secondary subtask of the heel-angle adjustment task (Check the
heel-angle status), which has an element usage sequence of e1 → e2 → e3 and a task-trigger
frequency of f1 = 1. In the Space-P network, all elements appearing within the same
secondary subtask are treated as co-occurring, regardless of their relative order. For the
sequence expressed as e1 → e2 → e3, three co-occurring pairs are identified: (e1, e2), (e1, e3),
and (e2, e3). In accordance with Equation (3), each pair receives a weight contribution of
f1 × C(ei, ej) = 1 × 1 = 1. The weight of each corresponding edge in the adjacency matrix
is increased by this amount. Contributions from all secondary subtasks across all typical
tasks are accumulated in this manner to produce the final weighted symmetric adjacency
matrix of the Space-P network.
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A network model is constructed according to this matrix, using Gephi (version 0.10.1)
for visualization, as shown in Figure 4. The thickness of the edges in the figure is proportional
to the weight, which intuitively reflects the correlation strength between the basic elements.

Figure 4. Space-P network structure. Nodes represent basic interface elements (e1–e24). Edges
represent co-occurrence relationships between elements within the same secondary subtask. Edge
thickness is proportional to edge weight, with higher weight indicating more frequent co-occurrence
across typical task sequences. Node color indicates community membership, corresponding to the
four communities identified through Newman’s fast algorithm (Q = 0.337).

In this study, Newman’s fast algorithm was used to conduct a community structure
analysis of the Space-P network, with the resolution set to 1.0. A total of 24 nodes were
divided into four communities, and the modularity was 0.337. The modularity remained
unchanged after adjusting the resolution, indicating that the community structure of this
network has high uniformity and stability [52,53]. To verify the reliability of the four-
community partition, multiple robustness tests were supplemented. First, the Louvain
algorithm yielded Q = 0.425 with identical community division, eliminating the risk of
algorithm-specific artifacts. Second, resolution sensitivity analysis with γ ranging from 0.5
to 1.2 demonstrated stable four-group segmentation within γ ∈ [0.8, 1.2]. The elements in
Community 1 include e1, e2, e3, e10, e17, e18. The menu bar (e1) and the information bar (e2)
are common elements of the two sub-interfaces. Therefore, they need to be divided into
two groups, with the remaining communities divided into groups based on sub-interface
elements. The basic elements within other communities are all in the same sub-interface.
The final grouping results are shown in Table 3.

Table 3. Basic element grouping based on the Space-P network.

Group Sub-Interface Basic Elements

1 ACI e1, e2, e3, e10
2 UDCI e1, e2, e17, e18
3 ACI e4, e5, e6, e7, e8, e9
4 ACI e11, e12, e13, e14, e15, e16
5 UDCI e19, e20, e21, e22, e23, e24

The node set of the Space-L network model contains 24 basic elements, and the
adjacency matrix (A24×24) contains 61 directed edges. To illustrate the network construction
process, consider the first secondary subtask of the heel-angle adjustment task (Check the
heel angle status), which has an element usage sequence of e1 → e2 → e3 and a task-
trigger frequency of f1 = 1. In the Space-L network, only consecutive transitions between
elements are connected, and the direction of each edge reflects the operational order in
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the task sequence. For the sequence expressed as e1 → e2 → e3, two directed edges are
generated. In accordance with Equation (4), the directed edge from e1 to e2 receives a weight
contribution of f1 × 1 = 1, and the directed edge from e2 to e3 receives a weight contribution
of f1 × 1 = 1. No edge is generated between e1 and e3, as they are not consecutive in the
sequence. This distinguishes the Space-L network from the Space-P network: Space-P
captures all pairwise co-occurrences within a subtask, emphasizing the density of element
associations, whereas Space-L captures only sequential transitions, emphasizing the logical
order of operations.

A network model is constructed according to this matrix and visualized using Gephi
(version 0.10.1), as shown in Figure 5. The size of the nodes in the figure is proportional
to the weighted degree, which intuitively reflects the usage frequency of the interface
elements; the thickness of the edges is proportional to the weight, which intuitively reflects
the correlation strength between the basic elements.

Figure 5. Space-L network structure. Nodes represent basic interface elements (e1–e24). Directed
edges represent sequential transitions between elements in the task operation sequences, with edge
direction indicating operational order. Edge thickness is proportional to edge weight, reflecting the
frequency of each transition across typical task sequences. Node size is proportional to weighted
degree, reflecting the overall usage frequency of each interface element.

Based on the Space-L network, three indicators—namely, weighted DC, BC, and EC—
are calculated, among which, wDC = 0.49, wBC = 0.25, and wEC = 0.26. The calculation
results of the importance after normalization are shown in Table 4.

Table 4. Basic element importance based on the Space-L network.

Element DC BC EC Importance

e1 1.00 1.00 0.86 0.96
e2 0.78 0.06 0.90 0.63
e3 0.77 0.32 1.00 0.72
e4 0.19 0.32 0.22 0.23
e5 0.19 0.31 0.67 0.34
e6 0.00 0.08 0.14 0.05
e7 0.00 0.08 0.05 0.03
e8 0.13 0.21 0.47 0.23
e9 0.30 0.50 0.21 0.32
e10 0.77 0.47 0.79 0.70
e11 0.19 0.33 0.20 0.23
e12 0.19 0.37 0.61 0.34
e13 0.00 0.08 0.13 0.05
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Table 4. Cont.

Element DC BC EC Importance

e14 0.00 0.08 0.05 0.03
e15 0.13 0.20 0.40 0.22
e16 0.30 0.48 0.19 0.31
e17 0.56 0.00 0.47 0.40
e18 0.73 0.41 0.53 0.60
e19 0.19 0.29 0.16 0.21
e20 0.19 0.34 0.46 0.30
e21 0.00 0.09 0.11 0.05
e22 0.00 0.09 0.04 0.03
e23 0.13 0.23 0.40 0.22
e24 0.28 0.42 0.17 0.29

3.3. Layout Optimization Solution Set

The resolution of the simulation interface is 1920 × 1080 pixels. The origin of the
coordinate system is located at the top-left corner of the interface, with the x-axis extending
horizontally to the right and the y-axis extending vertically downward. The center point is
defined as (960, 0). The minimum horizontal spacing between any two interface elements
is set to 30 pixels and the minimum vertical spacing is to 10 pixels based on the layout
constraints of the simulation platform.

The objects of optimization are the position coordinates of all basic elements. Therefore,
the optimization variables include 24 groups of position coordinates. Since there are
fixed relative-position relationships between some elements, the position coordinates of
one element can be represented by the position coordinates of another element plus the
corresponding offset value. After simplification, the final number of optimization variables
is reduced to 15 groups of position coordinates.

The NSGA-II algorithm is adopted for solution, with the optimization implemented
using MATLAB’s (R2024a) gamultiobj solver with the following parameter settings: popu-
lation size = 500, Pareto fraction = 0.35, crossover operator = crossoverheuristic, crossover
fraction = 0.5, mutation operator = mutationadaptfeasible, and maximum generations = 500.
All decision variables were treated as integers corresponding to the pixel coordinates of
interface-element positions. The initial population was seeded using the original layout,
and the algorithm terminated at generation 276 when the spread of the Pareto front fell
below the default function tolerance. The solution set is shown in Figure 6.

Since the Pareto-front solution set has a small difference in terms of operation time
and is concentrated around 16.628, the final layout optimization point is selected near this
value. The projected Pareto-front solution set is shown in Figure 7. Its distribution indicates
that there is a competitive relationship between the two objective functions—namely, the
visual search distance and the weighted distance from the optimal point. Eight typical
points are selected from the Pareto front and compared with other points. The difference
only lies in the fine adjustment of the positions of a few basic elements (the coordinate
change is within 20 px). Therefore, these eight typical points can represent all the layout
methods obtained from the model calculation.

When designingthe interface layout, in addition to the constraints, other constraints
should also be considered. Based on operating habits, if information elements such as
valve opening and water adjustment volume are located near the corresponding valve-
control sliders, they should be kept horizontally or vertically aligned with them, thereby
excluding typical points 3, 6, 7, and 8. Considering the consistency between sub-interfaces,
the functions of heel and trim angles in the ACI are similar to depth and commands in the
UDCI. Therefore, the position coordinates should be kept as consistent as possible between
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the two sub-interfaces. In addition, layouts for the ACI of typical points 2 and 5, as well as
typical points 1 and 4, are similar, and layouts for the UDCI of typical points 1 and 2, as
well as typical points 4 and 5, are similar.

Figure 6. Distributions of the Pareto-front solution set. The three axes represent the three objective
functions: F(1), weighted distance from the optimal point (px); F(2), operation time (s); F(3), visual
search distance (px). Each point in the solution set represents a feasible layout configuration. The
concentration of solutions around F(2) ≈ 16.628 s indicates that operational duration converges
rapidly, while trade-offs between F(1) and F(3) remain across the solution set).

Figure 7. Projection of the Pareto-front solution set (Red dots indicates typical optimized
layout points).

Therefore, typical points 2 and 4 are selected to form two layouts for the ACI and two
layouts for the UDCI. The difference in the ACI mainly lies in whether the positions of e3
and e10 are adjacent, and the difference in the UDCI mainly lies in whether the positions
of e17 and e18 are adjacent. The original interface is denoted as A (Figure 1), the interface
of typical point 2 is denoted as B, and the interface of typical point 4 is denoted as C, as
shown in Figure 8. The values of their objective functions are shown in Table 5.

Table 5. Objective function of typical optimized layout points 2 and 4.

Typical Point Operational Duration Visual Search
Distance (px)

Weighted Distance from
the Optimal Point (px)

2 16.628 64427.475 4825.922
4 16.628 64624.034 4818.009
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(a) B-ACI (b) B-UDCI

(c) C-ACI (d) C-UDCI

Figure 8. Optimized MS-HMI layout based on the multi-objective optimization results.

3.4. Experimental Verification Results

The Shapiro–Wilk test was used to assess the normality of the data for each dependent
variable. Results indicated that all variables satisfied the normality assumption (p ≥ 0.05).
Therefore, repeated-measures ANOVA was applied for all subsequent analyses. The
descriptive statistical results obtained with respect to the operational performance, eye
movement, and subjective evaluations are shown in Table 6. The repeated-measures
ANOVA results of the interface layout are shown in Table 7.

Table 6. Descriptive statistical results of the experimental indicators (Mean ± SD).

Experimental Indicators Interface Layout
A (Original) B (Optimized) C (Optimized)

Operational Performance Accuracy Rate (%) 85.632 ± 18.062 89.704 ± 17.905 90.135 ± 17.245
Uncompleted Rate (%) 1.631 ± 3.869 0.284 ± 1.317 0.446 ± 2.135
Operational Duration (s) 17.594 ± 3.209 16.150 ± 2.666 16.056 ± 2.356
Completion Duration (s) 21.320 ± 3.543 19.922 ± 2.643 19.617 ± 2.641

Eye Movement Average Saccade Amplitude (px) 491.552 ± 100.600 407.761 ± 87.579 436.128 ± 74.728
Average Saccade Speed (px/ms) 5.079 ± 0.483 4.828 ± 0.590 4.810 ± 0.437

Subjective Evaluation NASA_TXL 7.059 ± 3.661 6.612 ± 3.692 6.329 ± 3.041
Evaluation of Overall Design 3.280 ± 0.781 4.267 ± 0.488 4.480 ± 0.506
Evaluation of Layout Mode 3.233 ± 0.644 4.392 ± 0.425 4.458 ± 0.374

Compared with the original interface (A), both the layout-optimized interfaces (B
and C) significantly improved operational performance, and interface C is more effective.
As shown in Figure 9a, the accuracy rates of interfaces B and C increased. As shown in
Figure 9b, the average uncompleted rate of interface C significantly decreased by 1.2%
(p = 0.028). As shown in Figure 9c, the operational duration of interface B was significantly
shortened by 1.4 s, corresponding to a reduction of approximately 8.2% (p = 0.036), and
that of interface C was significantly shortened by 1.5 s, corresponding to a reduction of
approximately 8.7% (p = 0.010). As shown in Figure 9d, the completion duration of interface
B was significantly shortened by 1.4 s, corresponding to a reduction of approximately 6.5%
(p = 0.030), and that of interface C was significantly shortened by 1.5 s, corresponding to a
reduction of approximately 7.9% (p = 0.004).
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Table 7. Repeated-measures ANOVA results of the interface layout. (* p ≤ 0.05, ** p ≤ 0.01, and
*** p ≤ 0.001).

Experimental Indicators
Mauchly’s Test Repeated-Measures ANOVA

W p F p Partial η2

Operational Performance
Accuracy Rate (%) 0.990 0.948 1.831 0.180 0.123

Uncompleted Rate (%) 0.803 0.300 3.939 0.033 * 0.247
Operational Duration (s) 0.865 0.450 5.333 0.012 * 0.308
Completion Duration (s) 0.925 0.650 6.725 0.005 ** 0.359

Eye Movement Average Saccade Amplitude (px) 0.195 <0.001 5.970 0.025 * 0.315
Average Saccade Speed (px/ms) 0.364 0.002 12.643 0.002 ** 0.493

Subjective Evaluation
NASA_TXL 0.810 0.186 0.320 0.729 0.018

Evaluation of Overall Design 0.578 0.012 38.177 <0.001 *** 0.692
Evaluation of Layout Mode 0.928 0.551 63.405 <0.001 *** 0.789

Experimental Indicators Correction
Paired Comparison (p)

A-B A-C B-C

Operational Performance
Accuracy Rate (%) — 0.068 0.145 0.968

Uncompleted Rate (%) — 0.053 0.028 * 0.721
Operational Duration (s) — 0.036 * 0.010 * 0.866
Completion Duration (s) — 0.030 * 0.004 ** 0.427

Eye Movement Average Saccade Amplitude (px) 0.554 0.019 * 0.044 * 0.115
Average Saccade Speed (px/ms) 0.611 0.004 ** 0.002 ** 0.571

Subjective Evaluation
NASA_TXL — 0.449 0.569 0.994

Evaluation of Overall Design 0.703 <0.001 *** <0.001 *** <0.001 ***
Evaluation of Layout Mode — <0.001 *** <0.001 *** <0.001 ***

When using the two layout-optimized interfaces, both the average saccade speed
and the average saccade amplitude were significantly decreased. As shown in Figure 10a,
the average saccade speed of interface B was decreased by 17.1% (p = 0.004), and that
of interface C was decreased by 11.2% (p = 0.002). As shown in Figure 10b, the average
saccade amplitude of interface B was decreased by 4.9% (p = 0.019), and that of interface C
was decreased by 5.3% (p = 0.044).

The NASA_TXL scale is used to measure the mental workload. The average mental
workload of the optimized interfaces is slightly lower, but there is no significant difference
between different layouts. The overall design evaluation questionnaire and the layout-
mode evaluation questionnaire record the subjective evaluations of the subjects on the
three interface layouts. As shown in Figure 11a, in the evaluation of the overall design, the
scores of both interface B and interface C are significantly higher than those of the original
interface (A). From the perspective of the score distribution, more subjects think that the
layout-optimized interface (C) is better. As shown in Figure 11b, in the evaluation of the
layout mode, the scores of both interface B and interface C are significantly higher than
those of the original interface (A).

This study compared performance under different interface layouts along three di-
mensions: operational performance, eye movement, and subjective evaluation. The ex-
perimental results show that both interface B and interface C are significantly superior to
the original interface in terms of operational performance and subjective scores for the
design of the interface, verifying the effectiveness of the layout optimization. In addition,
compared with interface B, interface C performs better on multiple indicators. Therefore,
interface C is selected as the optimized layout result for MS-HMIs.
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(a) Accuracy Rate (b) Uncompleted Rate

(c) Operation Duration (d) Completion Duration

Figure 9. Statistical analysis of operational performance under different interface layouts. (* p ≤ 0.05,
** p ≤ 0.01).

(a) Average Saccade Speed (b) Average Saccade Amplitude

Figure 10. Statistical analysis of eye-movement metrics under different interface layouts. (* p ≤ 0.05,
** p ≤ 0.01).

(a) Evaluation of Overall Design (b) Evaluation of Layout Mode

Figure 11. Statistical analysis of subjective evaluation results under different interface layouts
(*** p ≤ 0.001).
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4. Discussion
This paper proposes an approach for optimizing the layout of MS-HMIs in manned

submersibles, with the goal of improving operator safety and work efficiency. By com-
prehensively considering operator characteristics, task complexity, and interface-element
factors, the proposed method enhances both usability and user experience. Given the
complex and varied information and diverse operational tasks in MS-HMIs, our approach
leverages complex network theory for layout optimization. Compared with existing meth-
ods, it offers broad applicability in practical settings, enabling the interface to adapt more
effectively to operational changes and challenges, thereby improving operator efficiency
and satisfaction [8–11,54].

The use of Space-P and Space-L networks for the grouping and evaluation of the
importance of basic elements enables us to more effectively identify and classify key
functional elements in MS-HMIs. Compared with traditional interface design methods, the
Space-P network provides a structured way to understand requirements and more clearly
identify which elements are most suitable for combination, while the Space-L network
further clarifies the importance of each element in personnel operations through correlation
analysis of these basic elements [27,28]. The combination of these methods not only makes
our optimization method more targeted but also effectively reduces the cognitive load that
may be encountered during the operation process.

In practice, this complex network-based optimization method demonstrates clear ad-
vantages, producing an interface design that better aligns with real-world needs. Compared
with traditional single-objective methods, the multi-objective optimization strategy consid-
ers multiple design dimensions, including operator habits, element importance, and visual
search efficiency. By applying advanced multi-objective optimization techniques, such as
the genetic algorithm, operator performance can be enhanced while maintaining interface
functionality. This comprehensive approach yields more balanced optimization results,
significantly improves interface adaptability across different operational positions [55–57],
and provides a foundation for future research in submersible design, highlighting the
method’s broad application potential.

In addition, there are still some aspects that warrant further exploration. Regard-
ing the participant sample, engineering students were used as proxies for professional
submersible operators. Although all participants completed training to ensure basic task
proficiency, this cannot fully replicate the domain expertise, operational experience, and
stress-response patterns characteristic of trained submersible crews. According to a survey
of the actual MS operator population in the manned submersible program under study,
the operational crew is exclusively male and predominantly in the young-adult age range,
which is consistent with the demographic profile of our participant sample. Nevertheless,
the use of student participants limits the generalizability of the findings to real operational
contexts. Future studies are recommended to recruit professional submersible operators
and conduct validation experiments under higher-fidelity operational scenarios to further
confirm the effectiveness of the proposed layout optimization method. When constructing a
task–information network using the Space-P and Space-L methods, the complex interdepen-
dencies among interface elements may not be fully captured. Future research could explore
advanced or emerging network modeling approaches to more comprehensively represent
these relationships and enable deeper analysis. In developing the multi-objective opti-
mization model, the interface elements were simplified as fixed-size rectangles to reduce
computational complexity. However, in practical applications, interface elements may have
irregular shapes or variable sizes. Future studies could incorporate shape diversity and
size adaptability to achieve a more flexible and realistic layout optimization scheme. Addi-
tionally, the transfer of optimized layouts to real submersible systems involves practical
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engineering constraints not considered in the present study, such as hardware limitations
and system integration requirements, which would require additional validation. Finally,
although the proposed method was developed in the context of a manned submersible HMI,
its underlying framework is not inherently domain-specific and is potentially applicable
to other maritime HMIs, nuclear control rooms, aircraft cockpits, and other safety-critical
display systems, representing a promising direction for future research.

5. Conclusions
Operators of submersibles are required to continuously monitor large volumes of

real-time information on the HMI to ensure stable system operation. Optimizing the HMI
layout is critical to enhancing operator efficiency, reducing cognitive workload, and mini-
mizing potential safety risks. This study proposes a systematic and task-driven method
for optimizing submersible HMI layouts. Based on ergonomic design principles, the task
sequences and element usage sequences of typical operations were analyzed using the
HTA approach, and a task-information network for the HMI was constructed. The group-
ing and importance of basic interface elements were determined through analysis of the
network topology. The layout optimization problem was formulated as a multi-objective
optimization task solved using the NSGA-II algorithm. As a case study, the mechani-
cal support position interface was analyzed, resulting in two optimized layout designs.
Experimental verification showed that the optimized interfaces significantly improved
operator performance, eye-movement efficiency, and subjective evaluations, demonstrating
the effectiveness of the proposed layout optimization method. It should be noted that
the experimental validation is preliminary and based on a simulated environment with
a small sample of non-professional participants, and further validation with trained sub-
mersible operators, larger participant samples, and more realistic operational scenarios is
necessary before the method can be recommended for direct application in real manned
submersible design.
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Appendix A. Latin Square Sorting Design

Table A1. Latin square sorting design.

Group Participant ID Stage 1 Stage 2 Stage 3

1 P1, P2, P3 A B C
2 P4, P5, P6 A C B
3 P7, P8, P9 B A C
4 P10, P11, P12 B C A
5 P13, P14, P15 C A B
6 P16, P17, P18 C B A

Appendix B. Hierarchical Task Analysis (HTA) Results

Table A2. Hierarchical Task Analysis (HTA) results.

First Level Second Level Third Level Specific Task Operations Basic
Elements

Heel-angle
adjustment

Check the
heel angle

Switch to the ACI Click on the menu bar e1
Check basic status parameters View the information bar e2
Check the heel-angle status Check the heel angle e3

Confirm the
device status

and tasks

Confirm that the pump unit
switch is not faulty

Check the heel-pump button
status e5

Confirm that the valve is not
faulty Check the heel-valve status e4

Confirm that the compartment
water volume is normal

Check the heel-compartment
water volume e9

Confirm the angle direction Check the heel angle e3
Turn on

the pump
unit switch

Click on the pump unit switch Click on the heel-pump button e5
Confirm that the pump unit
switch is turned on

Check the heel-pump button
status e5

Confirm that the valve is normal Check the heel-valve status e4

Adjust
the valve
opening

Adjust the valve opening Adjust the heel-valve opening e6
Confirm that the valve opening is
normal Check the heel-valve opening e7

Confirm that the water
adjustment volume is normal

View the heel water adjustment
volume e8

Confirm that the compartment
water volume is normal

Check the heel-compartment
water volume e9

Adjust
the water
volume

Check the heel-angle status Check the heel angle e3
Check the trim-angle status Check the trim angle e10
Switch emergency interface Click on the menu bar e1
Check the depth status Check current depth e18
Confirm that the water
adjustment volume is normal

Check the heel water adjustment
volume e8

Confirm that the compartment
water volume is normal

Check the heel-compartment
water volume e9

Complete
water

volume
adjustment

Confirm the angle size Check the heel angle e3
Confirm that the adjusted water
volume has reached the target
value

Check the heel water adjustment
volume e8

Confirm that the compartment
water volume has reached the
target value

Check the heel compartment
water volume e9

Close the
valve and

pump
switch

Close the valve Adjust the heel-valve opening e6
Confirm that the valve is closed Check the heel-valve opening e7
Confirm that the valve is not
faulty Check the heel-valve status e4

Turn off the pump unit switch Click on the heel-pump button e5
Confirm that the pump unit has
been turned off

Check the heel-pump button
status e5

Confirm that the pump unit
switch is not faulty

Check the heel-pump button
status e5

Check attitude and
depth status

Check the heel angle Check the heel angle e3
Check basic status parameters Check the information bar e2
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Table A2. Cont.

First Level Second Level Third Level Specific Task Operations Basic
Elements

Trim-angle
adjustment

Check the
trim angle

Switch to the ACI Click on the menu bar e1
Check basic status parameters View the information bar e2
Check the trim-angle status Check the trim angle e10

Confirm the
device status

and tasks

Confirm that the pump unit
switch is not faulty

Check the trim-pump button
status e12

Confirm that the valve is not
faulty Check the trim-valve status e11

Confirm that the compartment
water volume is normal

Check the trim-compartment
water volume e16

Confirm the angle direction Check the trim angle e10
Turn on

the pump
unit switch

Click on the pump unit switch Click on the trim-pump button e12
Confirm that the pump unit
switch is turned on

Check the trim-pump button
status e12

Confirm that the valve is normal Check the trim-valve status e11

Adjust
the valve
opening

Adjust the valve opening Adjust the trim-valve opening e13
Confirm that the valve opening is
normal Check the trim-valve opening e14

Confirm that the water
adjustment volume is normal

View the trim water adjustment
volume e15

Confirm that the compartment
water volume is normal

Check the trim-compartment
water volume e16

Adjust
the water
volume

Check the heel-angle status Check the heel angle e10
Check the trim-angle status Check the trim angle e3
Switch emergency interface Click on the menu bar e1
Check the depth status Check current depth e18
Confirm that the water
adjustment volume is normal

Check the trim water adjustment
volume e15

Confirm that the compartment
water volume is normal

Check the trim-compartment
water volume e16

Complete
water-

volume
adjustment

Confirm the angle size Check the trim angle e10
Confirm that the adjusted water
volume has reached the target
value

Check the trim water adjustment
volume e15

Confirm that the compartment
water volume has reached the
target value

Check the trim compartment
water volume e16

Close the
valve and

pump
switch

Close the valve Adjust the trim valve opening e13
Confirm that the valve is closed Check the trim-valve opening e14
Confirm that the valve is not
faulty Check the trim-valve status e11

Turn off the pump unit switch Click on the trim-pump button e12
Confirm that the pump unit has
been turned off

Check the trim-pump button
status e12

Confirm that the pump unit
switch is not faulty

Check the trim-pump button
status e12

Check attitude
and depth status

Check the trim angle Check the trim angle e22
Check basic status parameters Check the information bar e2
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Table A2. Cont.

First Level Second Level Third Level Specific Task Operations Basic
Elements

Emergency
depth

change

Emergency
deepening

Switch emergency interface Click on the menu bar e1
Check basic status parameters Check the information bar e2
View instructions View instructions e17
Confirm current depth Check current depth e18

Confirm the
device status

and tasks

Confirm that the pump unit
switch is not faulty

Check the depth-pump button
status e20

Confirm that the valve is not
faulty Check the depth-valve status e19

Confirm that the compartment
water volume is normal

Check the depth-compartment
water volume e24

View instructions View instructions e17
Confirm current depth Check current depth e18

Turn on
the pump

unit switch

Click on the pump unit switch Click on the depth-pump button e20
Confirm that the pump unit
switch is turned on

Check the depth-pump button
status e20

Confirm that the valve is normal Check the depth-valve status e20

Adjust
the valve
opening

Adjust the valve opening Adjust the depth-valve opening e21
Confirm that the valve opening is
normal Check the depth-valve opening e22

Confirm that the water
adjustment volume is normal

View the depth water adjustment
volume e23

Confirm that the compartment
water volume is normal

Check the depth-compartment
water volume e24

Adjust
the water
volume

Check the depth of the target View instructions e17
Confirm current depth Check current depth e18
Switch to the ACI Click on the menu bar e1
Check the heel-angle status Check the heel angle e10
Check the trim-angle status Check the trim angle e3
Confirm that the water
adjustment volume is normal

Check the depth water adjustment
volume e23

Confirm that the compartment
water volume is normal

Check the depth-compartment
water volume e24

Complete
water-

volume
adjustment

Check the depth of the target View instructions e17
Confirm current depth Check current depth e18
Confirm that the adjusted water
volume has reached the target
value

Check the depth water adjustment
volume e23

Confirm that the compartment
water volume has reached the
target value

Check the depth compartment
water volume e24

Close the
valve and

pump
switch

Close the valve Adjust the depth-valve opening e21
Confirm that the valve is closed Check the depth-valve opening e22
Confirm that the valve is not
faulty Check the depth-valve status e19

Turn off the pump unit switch Click on the depth-pump button e20
Confirm that the pump unit has
been turned off

Check the depth-pump button
status e20

Confirm that the pump unit
switch is not faulty

Check the depth-pump button
status e20

Check attitude
and depth status

Check current depth Check current depth e18
Check instructions View instructions e17
Check basic status parameters Check information bar e2

Monitoring of
navigation

status

Confirm the
heel- and

trim-angle
status

Switch to the ACI Click on the menu bar e1
Check basic status parameters View the information bar e2
Confirm the heel angle Check the heel angle e3
Confirm the heel angle Check the heel angle e10

Monitoring
of

the depth
status

Switch emergency interface Click on the menu bar e1
Check basic status parameters Check the information bar e2
View instructions View instructions e17
Confirm current depth Check current depth e18
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Table A2. Cont.

First Level Second Level Third Level Specific Task Operations Basic
Elements

Monitoring of
equipment

status

Confirm the
working status
of the tilt-angle

adjustment
device

Switch to the ACI Click on the menu bar e1
Confirm that the pump unit
switch is not faulty

Check the heel-pump
button status e5

Confirm that the valve is
not faulty Check the heel-valve status e4

Confirm that the compartment
water volume is normal

Check the heel-compartment
water volume e9

Confirm that the pump unit
switch is turned on

Check the trim-pump
button status e12

Confirm that the valve is normal Check the trim-valve status e11
Confirm that the compartment
water volume is normal

Check the trim-compartment
water volume e16

Confirm the
working status

of the depth
adjustment

device

Switch emergency interface Click on the menu bar e1
Confirm that the pump unit
switch is turned on

Check the depth-pump
button status e20

Confirm that the valve is normal Check the depth-valve status e19
Confirm that the compartment
water volume is normal

Check the depth-compartment
water volume e24
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