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Abstract: Digital simulation of the full operation of a remotely operated vehicle (ROV) is an economically feasible
way for algorithm pretesting and operator training prior to the actual underwater tasks, due to the huge difficulties
encountered during the underwater test, high equipment cost, and the time-consuming nature of the process. In this
paper, a human-interactive digital simulation platform is established for the navigation, motion, and teleoperated
manipulation of work-class ROVs, and provides the human operator with the visualized full operation process.
Specially, two mechanisms are presented in this platform: one provides the virtual simulation platform for operator
training; the other provides real-time visual and force feedback when implementing the actual tasks. Moreover,
an open data interface is designed for researchers for pretesting various algorithms before implementing the actual
underwater tasks. Additionally, typical underwater scenarios of the ROV, including underwater sediment sampling
and pipeline docking tasks, are selected as the case studies for hydrodynamics-based simulation. Human operator can
operate the manipulator installed on the ROV via the master manipulator with the visual and force feedback after the
ROV is navigated to the desired position. During the full operation, the dynamic windows approach (DWA)-based
local navigation algorithm, sliding mode control (SMC) controller, and the teleoperation control framework are
implemented to show the effectiveness of the designed platform. Finally, a user study on the ROV operation mode
is carried out, and several metrics are designed to evaluate the superiority and accuracy of the digital simulation
platform for immersive underwater teleoperation.
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1 Introduction

With the development of robotics (Hokayem and
Spong, 2006; Liu et al., 2017; Chen et al., 2023),
remotely operated vehicles (ROVs) have attracted
increasing attention, whereby work-class ROVs can
effectively replace human operators during the exe-
cution of remote and complex underwater tasks from
a safe place onboard (Forbrigger and Pan, 2018;
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Wang et al., 2020; Lu et al., 2022). Therefore,
work-class ROVs are widely used in offshore and
deep-sea operations, such as sampling and pipeline
docking. The full operation process of a work-class
ROV starts with navigation to the designated posi-
tion (Long et al., 2022). Once the ROV reaches the
designated operation area, it transitions from the
navigation mode to the operation mode. At this
stage, the human operator takes over, and teleoper-
ates the manipulator installed on the ROV to per-
form precise tasks (Zhang JJ et al., 2018). To adapt
to various operational environments and to improve
the safety and precision of underwater tasks, tai-
lored ROV navigation, motion control algorithms,
and teleoperation control algorithms need to be de-
veloped for work-class ROVs. However, there still re-
main challenges in algorithm development for work-
class ROVs, mainly due to the difficulties encoun-
tered during the underwater test, high equipment
cost, and the time-consuming nature of the process.
To address these issues, the establishment of a digital
simulation platform becomes a feasible solution for
algorithm pretesting and operator training for the
full operation process before undertaking the actual
tasks (Li et al., 2022).

Due to the complex terrain and the lim-
ited light in underwater environments, autonomous
navigation and motion control of ROVs can
effectively assist human operators in control-
ling the ROV to reach the desired positions
(Kinsey et al., 2014; Zhao et al., 2014; Manzanilla
et al., 2019; Tani et al., 2023). The typical method
to test the navigation and motion control algorithm
is to apply offline simulators, which have high cal-
culation efficiency (Huang et al., 2023). However, it
is difficult to support interaction with real data or
sensors of the ROV in these offline simulators, which
may result in inaccuracies during the algorithm test-
ing process. As a result, algorithm testing for naviga-
tion with only the offline simulator is insufficient for
direct application in a real ROV, which poses a chal-
lenge for the design of a digital simulation platform
for the navigation and motion control of an ROV.

After the ROV reaches the desired position,
the operation mode starts, and the human opera-
tor takes over to teleoperate the manipulator for the
precise underwater tasks. Teleoperation technology
plays a significant role for manipulator to perform
underwater tasks, and thus, it is commonly used

on ROV digital simulation platforms for operator
training and algorithm pretesting (Cardenas and Du-
tra, 2016; Zhang J et al., 2017a; Xia et al., 2023).
During the underwater teleoperation process, telep-
resence is an important issue to evaluate whether and
how well the human operator can receive the immer-
sive feeling from a remote underwater environment,
helping guide the slave underwater manipulator to
accomplish the remote tasks immersively and effec-
tively (Ferreira and Mavroidis, 2006; Yuan and Sun,
2023). The traditional way of implementing under-
water tasks is with direct visual feedback on an ROV
digital simulation platform, which offers the human
operator the environment-related information on the
slave side (Khatib et al., 2016; Reichherzer et al.,
2018; Sivéev et al., 2018). For example, a virtual
underwater manipulator and its carrier have been
previously developed and presented in the form of
a video animation (Zhang J et al., 2017b). How-
ever, the single vision-based environment perception
and rebuilding process is insufficient to meet the de-
mands for fully and immersively rebuilding the un-
derwater environment. The use of force information
as feedback is another effective solution to provide
intuitive and immersive feeling from the underwater
environment for the human operator (Chen et al.,
2020, 2024; Sun WC and Yuan, 2023), such as pro-
viding the interaction force between the slave manip-
ulator and the underwater environment (Zhang DW
et al., 2020). Therefore, comprehensive perception of
the visual and force information of the underwater
environment becomes an effective way to improve the
telepresence on ROV digital simulation platforms.

Additionally, existing research lacks comprehen-
sive designs of a digital simulation platform that si-
multaneously considers both the teleoperation con-
trol of the manipulator and the navigation and mo-
tion control of an ROV, thus failing to provide the
full operation process of a work-class ROV. For in-
stance, Zhang J et al. (2017a) considered only the
motion control of the manipulator during the un-
derwater task, and Khadhraoui et al. (2016) focused
solely on the navigation and motion control of the
ROV.

Considering these challenges encountered in the
development of a work-class ROV, a virtual real-
ity (VR)-based digital simulation platform is de-
signed in this paper for the full operation process of
work-class ROVs. By the comprehensive perception
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of visual and force information of the underwater
environment, the designed platform provides the hu-
man operator with quality-improved underwater vir-
tual training using the recorded in-situ data (de-
scribed as Mechanism 1), which avoids expensive
costs of real underwater tests, and helps improve op-
erator skills before implementing the real tasks. In
this mechanism, an open data interface is provided
for the ROV navigation and motion control algo-
rithm and the teleoperation control algorithm, offer-
ing the human operator a custom platform for algo-
rithm testing, development, and verification. More-
over, it provides the visual and force feedback with
immersive feeling when implementing the actual un-
derwater tasks (described as Mechanism 2), which is
designed as an additional function of this platform.
In this way, a novel solution is proposed via this digi-
tal simulation platform, which can effectively reduce
the training cost and enhance underwater operability
with visual and force assistance.

The main contributions of this work are listed
as follows:

1. Two mechanisms are proposed for work-class
ROVs in the digital simulation platform, with one
providing a virtual simulation with virtual scenarios
to achieve human operator training, and the other
providing real-time visual and force feedback when
implementing the actual tasks. In the meantime, an
open data interface is designed for researchers, which
enables algorithm pretesting before undertaking the
actual underwater tasks.

2. Based on the real video signal or the recorded
in-situ data, a virtual scene with hydrodynamics ef-
fect is accurately created, and the motion of the ROV
can be simulated in the virtual scene, which provides
the human operator with intuitive and immersive vi-
sualization from the underwater environment.

3. A ROV navigation and motion control unit
is presented to drive the ROV to the working posi-
tion. This unit is designed with open data interfaces
in both the navigation and the control modules, al-
lowing researchers to test and evaluate their own
navigation and control algorithms for the motion
of ROVs. The dynamic windows approach (DWA)-
based local navigation algorithm and sliding mode
control (SMC) controller are proposed to implement
navigation and motion control during the full process
of ROV operation.

4. A teleoperation control framework is de-

signed, wherein a modified wave-variable architec-
ture is proposed to provide the human operator with
accurate force feedback, and simultaneously ensure
the stability of the teleoperation system. A radial
basis function neural network (RBFNN)-based slave
controller is proposed to improve the tracking per-
formance of slave manipulator.

5. A user study on the ROV operation mode
is carried out, which evaluates and verifies that the
digital simulation platform can accurately simulate
the underwater operation tasks with recorded in-situ
data, and can effectively train the human operator
with immersive telepresence via the visual and force
feedback during the manipulation task.

2 Framework of the digital simulation
platform

In this paper, typical underwater teleoperation
scenarios of an ROV are selected, where the hu-
man operator can control the master manipulator (a
PHANTOM Omni haptic device) from a safe place,
and send the required commands to the slave ma-
nipulator (a manipulator installed on the ROV) to
accomplish the remote tasks after navigating the
ROV to the desired position. To obtain the telep-
resence during the teleoperation process, a human-
interactive digital simulation platform is established
in this section, as shown in Fig. 1. It can provide the
human operator with an immersive feeling from the
remote environment during the full operation pro-
cess, and guide the slave manipulator to better ac-
complish the tasks with the visual and force feedback
assistance. This digital simulation platform mainly
consists of a virtual scene unit, an ROV navigation
and motion-control unit, a teleoperated manipula-
tion unit, an environment perception and rebuilding
unit, and an in-situ data-monitoring unit.

However, considering the extreme difficulty,
harsh conditions, and expensive equipment of un-
derwater tests, it is usually challenging to frequently
implement the teleoperation tasks of ROV in the real
underwater environment. Thus, the designed digital
simulation platform has two mechanisms:

Mechanism 1. This involves virtual training of
the full operation process of work-class ROVs with
the recorded in-situ data. This mechanism allows
the human operator to test and improve his/her
algorithms by simulating the full operation process,
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and hone his/her skills before implementing the real
underwater test. Moreover, this mechanism allows
the digital simulation platform to restore the actual
operation process of the ROV using the recorded in-
situ data, and can be used to find any problems and
gain experience before implementing the next actual
underwater test.

Mechanism 2. This facilitates the real-time vi-
sualization and operation of a work-class ROV and
its installed manipulator with an immersive feeling.
This mechanism provides the human operator with
the visualized ROV data during the navigation pro-
cess along with the visual and force feedback with
in-situ data during the real underwater teleopera-
tion process, and guarantees human-interactive im-
mersive guidance for the slave manipulator to accom-
plish the tasks after the ROV navigation process.

In detail, based on the target position obtained
from the real video signal and the current ROV state
data, the ROV navigation and motion control unit
can simulate the motion of the ROV to the target
position. After arriving at the target position, the
ROV can adjust its posture and start the opera-
tion using its installed manipulators. In the op-
eration mode, based on the proposed teleoperation
control framework in the teleoperated manipulation
unit, the human operator is able to execute the task
through the manipulator installed on the ROV under
time delay. The environmental force is transmitted
in the form of a wave variable to guarantee the sta-
bility of the teleoperation system, which helps the
human operator sense the real environmental force.
Subsequently, the virtual scene unit can transmit the
target position and joint angles of the manipulator to
the slave side, and these are displayed on the screen.
The virtual scene unit enables the human operator
to observe and simulate the tasks of the ROV in
various perspectives. Additionally, the in-situ data-
monitoring unit can monitor and display the in-situ
ocean data (e.g., temperature, salinity, and depth),
the ROV state data, and the manipulator state data,
which are obtained from the slave side or the virtual
scene.

Thus, based on the units in Fig. 1, the virtual
scene and the in-situ ocean data are displayed on
the screen to visualize the full operation process
of the ROV, while the force feedback is provided
by the master manipulator, improving the human
operator’s telepresence with the visual and force
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Fig. 1 Framework of the digital simulation platform,
where red dashed lines indicate a correspondence re-
lationship, and black arrow lines represent the signal
flow between different modules. F,,: force feedback
on the master side; Fe: real environmental force on
the slave side. References to color refer to the online
version of this figure

feedback.

Remark 1
tion (Lin and Kuo, 2001) usually uses a joy stick
to control the slave robot only in the virtual envi-

The traditional underwater opera-

ronment without any remote information feedback
to the human operator, which mainly results in poor
telepresence. Therefore, accurately rebuilding the
physical working environment on the master side be-
comes quite difficult because the human operator
is usually far away from the working environment.
Thus, the virtual environment in most of existing vir-
tual training systems cannot be accurately modeled
since the actual environment information is not accu-
rately obtained, while the same joy stick used in the
training cannot provide telepresence for the human
operator. Different from previous works on virtual
training, a novel visual-and-force-assisted virtual op-
eration system is developed in this paper, where
the force feedback and the VR-based visual feed-
back are added. Two mechanisms are designed, with
one providing the simulation training with recorded
in-situ data, and the other providing the real-time
visual and force feedback when implementing the
actual tasks. Based on the data interface designed
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in this system, the in-situ data can be recorded in
real time and used to accurately create the in-situ
data-driven virtual environment as much as possi-
ble. Furthermore, the physical interaction, includ-
ing the hydrodynamics and dynamics of the ROV,
can be simulated based on the force feedback, and
the force feedback provides a relatively immersive
feeling for the human operator when implementing
the virtual training. Moreover, this data interface
allows the system to test and improve the teleoper-
ation algorithms during training, while finally im-
plementing them in the actual tasks. Based on the
preceding analysis, the virtual operation system de-
veloped in this paper can accurately build the in-
situ data-driven virtual environment with visual and
force feedback, wherein more immersive training can
be provided to help the human operator gain the
human-robot collaboration experience.

3 Design of each unit of the digital sim-
ulation platform

3.1 Design of virtual scene unit

Based on the real video signal obtained by the
ROV, the virtual scene is rebuilt in the digital simu-
lation platform, and actually creates the real under-
water environment of the ROV. The virtual scene
unit mainly includes the ROV three-dimensional
(3D) modeling and the underwater scenario mod-
eling parts; the ROV 3D modeling part includes the
proportional ROV 3D model established using the
SolidWorks software, and the underwater scenario
modeling part includes the underwater terrain, un-
derwater environment, collision detection, and data

mapping.
3.1.1 ROV 3D modeling

Due to the limitations of the modeling capabil-
ities of the Unity software, a proportional ROV 3D
model is built using the SolidWorks software based
on the real ROV structure, as shown in Fig. 2. This
model is equipped with two seven-function manip-
ulators to simulate the ROV’s real underwater op-
eration tasks (Zhang J et al., 2017b). Supposing
that the positive direction of the X axis for the ROV
model is the positive direction of motion, the ROV
model is dragged and dropped in the Unity software
screen to guarantee that the heading direction of
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Seven-function
manipulator
installed on the ROV

Fig. 2 The 3D model of the ROV
ROV is always the positive direction of the X axis.
3.1.2 Underwater scenario modeling

Based on the real video signal, the real under-
water scenario is selected and rebuilt in the digital
simulation platform. As shown in Fig. 3, the un-
derwater terrain rebuilt in the virtual scene is quite
similar to the original one.

(a) (b)

Fig. 3 Underwater terrain in the real video (a) and
the virtual scene (b)

The procedure to rebuild the underwater sce-
nario in the virtual scene is as follows:

Underwater terrain. The point cloud of the un-
derwater terrain is first obtained by the RGB-D cam-
era mounted on the ROV. Since the information ob-
tained by the RGB-D camera requires larger storage
space to restore the unprocessed point cloud data,
and consumes more computation resources to com-
plete the filtering operation during error correction,
it may be not suitable for real-time modeling of the
underwater terrain. Since the digital elevation model
(DEM) file integrates all the underwater terrain data
with only one filtering operation, the point cloud in-
formation combined with the DEM is much easier
to be restored. Based on this idea, the DEM file is
grayed, and the grayscale value is obtained as follows:

F =rR, + ¢G, + bB,, (1)

where F' is the grayscale value representing the aver-
age depth of the area in the underwater terrain, R,
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G, and B, represent the matrices of the RGB com-
ponents, and the grayscale coeflicients are selected
asr=¢g=b=1/3.

To meet the requirement of the Unity software
application, a 16-bit gray map file is generated by
the grayscale value obtained earlier, wherein the hor-
izontal axis corresponds to the longitude, the vertical
axis corresponds to the latitude, and the gray value
represents the terrain height. Subsequently, in the
Unity software, a mesh plane with medium polygon
density is created, while the grayscale map file is con-
verted to the RAW file and imported, and the height
of each vertex along the Z axis is changed with regard
to the corresponding gray value in the mesh plane.
Finally, based on the location of the ROV, the preset
texture materials (e.g., rock, sealant, seashell, and
other underwater creatures) are given to the mesh
plane, thus completing the underwater terrain cre-
ation in the virtual scene, as shown in Fig. 3b.

Underwater environment. For the visual effect,
the seawater color and atomization effect are consid-
ered. First, a material file with the gradient effect is
added to the virtual scene, which can achieve a gra-
dient effect of seawater color from shallow to deep;
second, the atomization effect, which has the effect
of being shrouded in a cloud of smoke, is added to
the virtual scene to simulate the real underwater en-
vironment. The atomization effect includes the at-
omization color and atomization parameter f, the
RGB values of the atomization color are selected as
R =2, G =49, and B = 58, and the atomization
parameter f is designed as follows:

f= o= (dn)* (2)

where d is the distance between the target and the
location of the ROV, p is the density parameter with
the range of [0,1], and the value of p in this virtual
scene is set as 0.005. Finally, using the atomization
effect, the mixing of the virtual scene color and the
atomization color is achieved, which means that the
smaller the distance d, the larger the parameter f,
and the clearer the virtual scene; while the larger
the distance d, the smaller the parameter f, and the
fuzzier the virtual scene. Detailed atomization effect
is shown in Fig. 3b.

The hydrodynamics effect (Sun YX et al., 2022)
is also considered while simulating the underwater
environment in the physical aspect. The underwater
flow is generated by the linear superimposition of
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each vortex in the X and Y directions. Assume
that the underwater flow has the same velocity at
different depths, since the 3D underwater flow can
be simplified to two-dimensional (2D) underwater
flow with multilayer superimposition, and the un-
derwater flow models present similar flow fields at
different depths. Subsequently, the flow speed can

be described as follows:

calh) = 3 ~ S50t (1 - exp( =), o

i(he—x4 —ri(h
ey(h) = - Fert (1 — exp(T5),

where ¢, (k) and ¢, (h) represent the flow speeds at
h = [hy, hy]. Here, [z;,vy], I; € (6,15), and §; €
(1, 3) represent the center position, intensity, and the
radius of the i*" vortex, respectively. The term r;(h)
denotes the distance between h and the i*" vortex’s
center position [z;,y;]; i.e., ri(h) = ||h — [z, v]]
n = 50 represents the number of vortices. To better
simulate the underwater flow in this virtual scene,
the speeds ¢, (k) and ¢, (h) are linearly superimposed
with a limitation from 0 to 0.25 m/s, directly acting
on the ROV dynamics modeled in Section 3.2.

Collision detection.
ter operation tasks, the mesh-based collision body
is attached to the ROV and the underwater terrain,
which allows the virtual scene to have the ability to
detect collision and rigid body contact.

To achieve the underwa-

Data mapping. The in-situ data (e.g., tempera-
ture, salinity, and depth) and the underwater terrain
are matched, whereby the data relationship among
the temperature, salinity, and the depth of the ROV
is mapped.

3.2 Design of the ROV navigation and motion
control unit

The ROV navigation and motion control pro-
cess primarily consists of the mathematical model-
ing of the ROV, the navigation process, and the mo-
tion control process. This unit simulates the mo-
tion of the ROV to the target position, which is
achieved through the following steps: First, based on
the target position obtained from the real video sig-
nal, along with the current ROV state data obtained
from the in-situ data-monitoring unit, the navi-
gation module generates real-time desired velocity
commands that can drive the ROV to the spec-
ified position. Then, the motion control module



1400

generates control inputs based on the desired ve-
locity commands. Finally, based on the control
inputs of the ROV, the motion module simulates
the real-time trajectory of movement of the ROV,
which ultimately reaches the target position. After
arriving at the target position, the ROV can adjust
its posture and start the operation using its installed
manipulators.

3.2.1 Modeling of the ROV

The motion module includes the mathematical
model of the ROV in Fig. 2. The model uses five
hydraulic motor-driven ducted propellers: one is ar-
ranged vertically above the ROV, and the others are
arranged in the horizontal plane at certain angles, to
achieve the motion of the ROV in the longitudinal,
lateral, vertical, and heading directions.

Since in the teleoperation process, the main con-
cern is the installed manipulators of the ROV, the
ROV’s six-degree-of-freedom mathematical model is
simplified to a four-degree-of-freedom model (Zhang
HP et al., 2022), which includes the translation on
the X, Y, Z axes and rotation along the Z axis.
The simplified four-degree-of-freedom mathematical
model of ROV can be written as follows:

Xg = R(XRr)WR, (4)
VR:AtVR‘i‘C;lq’t"'Dt? (5)

where Xr = [zR, VR, 2R, ?r]T, TR, YR, and 2g de-
note the positions of the ROV on the X, Y, and
Z axes, respectively, and ¢r denotes the yaw angle.
V& = [u,v,w,7|T, where u, v, and w are the veloci-
ties of the ROV along the X, Y, and Z axes, respec-
tively; r is the angular velocity of the ROV along the
Z axis. Dy = [dwdv,dw,dr]T represents the exter-
nal disturbances. T = [Xy, Yz, Zi, Ni]T is the thrust
force, which is regarded as the control input. R(XR)
is the rotation matrix and can be defined as follows:

cos(¢pr) —sin(gpr) 0 0O
R(Xp) = SIH(Obe) COSE)QSR) (1) 8
0 0 0 1

Furthermore, Ay = C; LP,, where C; and P,
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are defined as follows:

Fm— X, 0 0 0
0 m—Y, 0 0
Ce = 0 0 m— Zg 0 ’
i 0 0 0 I, — N;
(6)
Xu\u||u| 0 0 XUTU
0 Yi 0 Yyu—m
P, = .
‘ 0 0 Z 0 (™)
L 0 Nyu O Nl
Herein, Y1 = Yy l|+Yu, 21 =

Zjw|w + Zyu, N1 = Npu+ Nyylr], and m is
the mass of the ROV; I, is the moment of inertia of
the ROV along the Z axis; Xu, Xyju|; Xvr, Yo, Yojus
)/T, Zu‘,, Zw|w|7 Zw, Nq'ﬂ, err\v NT, and Ny are the
hydrodynamic coefficients.

3.2.2 Design of the navigation module

The navigation module is designed to generate
the desired velocity command for the ROV to guide
it toward the specified position. This module pro-
vides an open data interface for researchers since any
navigation algorithm under development can be pro-
Here,
a DWA-based local navigation method is applied to
guide the ROV to reach the target position.

grammed for verification and improvement.

Considering the four-degree-of-freedom model
represented by Eq. (4) of the ROV, the navigation
process is decomposed into a horizontal navigation
In the
horizontal navigation process, the DWA-based nav-

process and a vertical navigation process.

igation algorithm is used to guide the ROV’s move-
ment to the plane coordinates of the target position.
Once the ROV reaches the desired horizontal posi-
tion, it transitions to the vertical navigation process,
whereby it ascends or descends vertically at a con-
stant velocity to reach the target position.

The DWA-based navigation process is shown
in Algorithm 1, where the input is the target posi-
tion Pyoa1, and the output is the desired instructions
Uy = [ug,rq]"; this is transmitted to the motion
control module in the closed loop. [Zc, Ye, Pc, Ue, Te] -
are the current states of the ROV in the coordinate
plane, unax and upg, are the maximum and the min-
imum of the surge velocity w, while r\ax and rygin
are the maximum and the minimum of the yaw an-

gular velocity r; a, Max and a, Max are the maxima of



Huang et al. / Front Inform Technol Electron Eng 2025 26(8):1394-1410 1401

the surge acceleration and yaw angular acceleration,
respectively. T is the predictive time of the DWA
algorithm.

As shown in Algorithm 1, the detailed naviga-
tion process can be described as follows: First, at the
horizontal navigation stage, the plane coordinates of
the target position are defined as the desired posi-
tion Pgoa1. Then, a dynamic window is constructed,
which represents a set of feasible velocity commands
(including linear velocity u; and angular velocity 7),
bounded by the physical constraints of the ROV and
discretized with resolution ¢, and é,. Next, each set
of velocity commands within the dynamic window is
evaluated, and the set with the highest evaluation
metric is selected as the current generated velocity
command. Note that “Traj Gen” means trajectory
generation, and Uy, is the velocity at each resolu-
tion, an intermediate variable for recording veloci-
ties. The evaluation metrics in the aforementioned
steps are defined as follows:

He(u7 ’f’) = aWori + bWiyist + cWiel, (8)

where a, b, and ¢ are positive constants. Wo,i, Waist,
and Wi, are the sub-objective functions that can be
defined as follows:

180
Wori =180 — (¢pred - ?)4 (Pgoal - Ppred) 5
Wdist - Min(Dob57 Dsafc)v

Weel = |ut|7

9)
where Ppreq = [xprcd,ypmd]T and ¢prea are the lo-
cation and the yaw angle predicted by the velocity
command (ut, ) with respect to Eq. (4). Dops is
the distance between the ROV and the nearest ob-
stacle obtained by other units, and Dg,ge is the safe
distance; Min(-) denotes the minimal value function.
When the ROV reaches the plane coordinates
of the target position, it initiates the vertical nav-
igation, whereby it ascends or descends vertically
at a constant velocity v until it reaches the target

position.
Remark 2 In Algorithm 1, all the feasible veloc-
ity commands in the dynamic window are evaluated
by the evaluation metric provided in Eq. (8) as fol-
lows: First, for each velocity command (ug,7;), we
calculate the predicted position Ppreq and the head-
ing angle ¢preq in the predictive time T' with respect
to Eq. (4).
culated based on Ppreq and ¢prea With respect to

Second, the evaluation metrics are cal-

Algorithm 1 DWA-based navigation

1 Input Pgoa and Xr; Output Ug;
2 while Xr 7é Pgoal do
3 u= Mil’l{UMaX7 Uc + au,MaxT}§

= Max{0, uc — au,MaxT};
4 r = Min{rmax, e + arMaxT};
7 = Max{"Min, Tc — @rMaxT'};
5 i< 0]« 0;
6 for u =u: 0, :u do
7 forr, =r:0,:7 do
8 [Pored; Pprea] < Traj Gen(ut,r:);
9 Heva(i7j) — He;
10 Uvel(1: 2,4, 5)  (ue,7e);
11 j—J+1
12 end
13 i1+ 1;
14 end

15 U4 < Uve(1l:2,Find Max Metric(Heva));
16 end

Eq. (9). That is, W, is used to evaluate the ap-
proach of the ROV’s predicted yaw angle towards
the target orientation; if the predicted heading angle
®pred 1 closer to the target orientation, the greater
is the weight of this item. Wy;st is used to evaluate
the risk of collision; if the ROV is farther away from
the obstacle, the weight of this item is greater. Note
that Wyist is constrained by a boundary to prevent
it from occupying an excessively large proportion of
the total weight when there is no collision. The fi-
nal item W, is used to evaluate the efficiency of
motion; that is, the whole motion is expected to be
achieved in the shortest time. Therefore, by select-
ing the velocity command with the greatest weight
as the output Uy, the local trajectory guided by it
can reach Py, with obstacle avoidance and high
efficiency.

3.2.3 Design of the ROV motion control module

The ROV motion control module is designed to
calculate the control input Ti, which can drive the
ROV to track the desired velocity commands ug,
wq, and rq. Note that this module also provides
an open data interface for researchers to verify and
improve the user-defined control algorithms. Here,
an SMC algorithm is applied to illustrate how the
motion control module works.

We define the desired velocity commands as

Vo = [ud,07wd,rd]T, where the desired sway
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velocity vq is set as zero. The control objective is to
drive the motion of the ROV to achieve the desired
velocity commands Vp obtained in the navigation
module. The SMC-based controller can be designed
as follows:

First, we define the sliding surface as

S =AVg + / Vg dt, (10)

where VR = Vp — Vg, and A is the positive constant
matrix.

Then, taking the derivative of Eq. (10) and sub-
stituting it in Eq. (4), one can obtain

§ = AV + Vi = A(A Vi +C T, + Dy — Vo )+ Vi
(11)
Thus, T} can be designed as

T. =— C.KS — CI'sign(S) 1

+Cy (Vb — AV — A VR), ()
where K = diag(kl, kQ, kg, k4), r =
diag(n1,m2,M3,M4), km > 0, and 17, > diax for m =
1, 2, 3, and 4, and dyax = max{|dy|, |dy], |dwl, |d-|}
Theorem 1 Considering the dynamics of the
ROV in Eq. (4) with the bounded disturbance D;
and the SMC-based controller, shown in Eq. (12),
with k,, > 0 and 7, > dnax for m = 1, 2, 3, and
4, all signals of Eq. (11) can be guaranteed to be
bounded and the system in Eq. (11) is stable, which
implies that the velocity error |[Vi|| — 0 as time
t — oo; the control objective can be achieved.

3.3 Design of the teleoperated manipulation
unit

After navigation to the target position, manip-
ulation of the ROV is usually achieved by human-
interactive teleoperation of the slave manipulator in-
stalled on the ROV. To be specific, the operation
mode starts, with the teleoperated manipulation unit
receiving the commands given by the human opera-
tor and driving the manipulator to execute the tasks.
The teleoperated manipulation unit mainly consists
of the teleoperation system modeling and the teleop-
eration control framework (in Section 1 in the sup-
plementary materials).

3.4 Design of the environment perception and
rebuilding unit

The environment perception and rebuilding unit
is mainly used to provide the human operator with
the force and visual feedback of the underwater op-
eration tasks on the slave side.

The vision-based perception and rebuilding unit
can transmit the target position and joint angles
of the slave manipulator to the teleoperated ma-
nipulation unit. Then, using the Omni driver, the
asymmetric mapping algorithm, and the teleopera-
tion control algorithm in the teleoperated manipula-
tion unit, the ROV’s real working environment can
be accurately created in the virtual scene.

To better show the ROV’s condition during
the underwater operation tasks, various perspectives
(e.g., the first- and the third-person perspectives)
are designed in the visual perception and rebuilding
unit, as shown in Fig. 4. In detail, the camera plug-
in in the Unity software is used to select the specific
view of the underwater operation tasks, where the
view image is rendered and loaded by the RAW file;
the procedure is the same as the underwater terrain
discussed in Section 3.1.2. Thus, the viewed image
can be displayed on the screen.

(b)

Fig. 4 Multiple perspectives of a virtual scene: (a)
third-person perspective; (b) first-person perspective

Remark 3 Based on the environment percep-
tion and rebuilding unit, the human operator can
sense the interaction force between the slave manipu-
lator and the working environment, which is achieved
by the environmental force feedback on the master
manipulator. Moreover, the human operator can im-
mersively observe the underwater operation tasks on
the screen, thereby improving the telepresence.

3.5 Design of the in-situ data-monitoring unit

The in-situ data-monitoring unit mainly in-
cludes the monitoring interface of in-situ data (e.g.,
temperature, salinity, and depth), the ROV state
data, and the manipulator state data. By the
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LineChart plug-in in the Unity software, the cor-
responding curves of in-situ data can be dynamically
drawn in real time.

In detail, the monitoring interface of the in-
situ data and the ROV state data displays the data
from the relationship among the temperature, salin-
ity, and depth of the ROV; that is, when the ROV
moves in the virtual scene, the monitoring interface
can display the in-situ data and the ROV state data
at the current location of the ROV in real time.

For example, Fig. 5a depicts the motion of an
ROV near a hydrothermal vent. When the ROV
moves closer to the hydrothermal vent, the depth
where it is located continues to increase, and the
temperature continues to rise, which can be obtained
from the in-situ data monitoring in Fig. 5b. Thus,
this example verifies that the monitoring interface
can accurately simulate the in-situ data of the work-
ing environment in which the ROV is located.

(b)

Fig. 5 ROV motion near a hydrothermal vent:
(a) ROV motion simulation; (b) in-situ data
monitoring

Similarly, the manipulator state data-
monitoring interface can display the joint angles of
the slave manipulator in real time, which provides
the human operator with real-time information
about the states of the slave manipulator when
executing the underwater operation tasks.

Remark 4 Along with the ROV navigation and
motion control unit and the teleoperated manipu-
lation unit, the proposed digital simulation plat-
form is equipped with a DWA-based local naviga-
tion algorithm and an SMC controller for the nav-
igation and motion control of the ROV. It is also
equipped with the modified wave-variable architec-
ture and an RBFNN-based slave manipulator con-
troller for stability of the teleoperation system and
precise position tracking during the ROV operation

1403

mode. Notably, these applied algorithms are served
as examples in the platform. Moreover, researchers
can design their own algorithms in these units with
the designed data interface, which helps test and
improve the algorithms in the virtual training mech-
anism, and finally implement these algorithms in the
real underwater test.

4 Experiments on the full operation
process of a work-class ROV: user study

In this section, two specific underwater opera-
tion tasks, including underwater sediment sampling
and pipeline docking, are selected. Due to the huge
difficulty, harsh and limited conditions, and expen-
sive equipment costs of real underwater tests, the
current conditions in our laboratories cannot fre-
quently support the teleoperation tasks of ROVs in
the real underwater environment. Instead, to obtain
accurate virtual training as much as possible, we use
recorded in-situ data and the real video signal ob-
tained from the previous real underwater tests to
accurately create the two specific underwater tasks,
namely, sediment sampling and pipeline docking (de-
scribed as Mechanism 1). Moreover, considering that
the operation mode with teleoperated manipulation
has a greater impact on the human operator, a user
study with several metrics is designed to evaluate the
accuracy of the proposed digital simulation platform
and the effectiveness of training the human operator
before the real underwater test.

4.1 Experimental setup

The experimental platform is shown in Fig. 6,
where the human operator operates the master ma-
nipulator and commands the slave manipulator to
accomplish the underwater operation tasks. In the
meantime, the master manipulator provides the hu-
man operator with the force information via the
Omni driver, and the screen shows the visual in-
formation of the underwater environment, which in-
cludes the virtual scene and the in-situ data. In
particular, Fig. 7 shows an underwater scenario in
the digital simulation platform, which is generated
based on the underwater in-situ data of a certain
area in Hainan Province, China. In Fig. 7, the or-
ange point is the initial position of the ROV, and the
red points are the sediment sampling point and the
pipeline docking point.
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Virtual scene
(third-person

Virtual scene
(first-person

In-situ data
monitoring unit

Master
manipulator
PHANTOM Omni
haptic device)

Fig. 6 The experimental platform

ROV initial
position

Underwater
sediment
sampling point

x
Underwater
pipeline docking
y point

Fig. 7 Positions of the ROV in the virtual scene
during the operation of the two tasks

In the ROV navigation and motion control unit,
the parameters in the DWA-based local navigation
algorithm are set as a = 0.1, b = 5, and ¢ = 1,
and the predictive time T = 0.2 s.
velocity of the ROV during the vertical navigation
process is set as 1 m/s. The parameters of the SMC
controller are set as A = diag(0.1,0.1,0.1,1), K =
diag(2.5,2.5,2.5,2), and I' = diag(0.1,0.1,0.1,1).
In the teleoperated manipulation unit, the param-
eters of the wave-variable architecture are selected
as b = 10, A = 0.5, and 7 = 0.05. The de-
sired matrices of the master trajectory generator are
set as My,q = diag(4,4,2.5), Gna = diag(0,0,0),
Gna = diag(0,0,20), and v, = diag(1,1,1). As
for selection of the RBFNN-based slave controller,
oy = diag(5,5,5), ks = diag(1.5,1.5,1.5), ¢ = 0.01,
and I'y = diag(2.5,2.5,2.5).

Moreover, to evaluate whether the human oper-
ator can efficiently complete the tasks in the digital
simulation platform during the operation mode, six
volunteers (aged 20-25 years, comprising three men
and three women, with normal or corrected vision,

The constant

no physical disability, and no virtual environment
training experience earlier) are selected to carry out
the user study. In the user study, five conditions
have been designed to verify the effectiveness of each

unit in the digital simulation platform to improve
the telepresence, listed as follows:

C1: SP, without EFF, without AMA;

C2: VP, without EFF, with AMA;

C3: SP, with EFF, with AMA;

C4: VP, with EFF, without AMA;

Ch5: VP, with EFF, with AMA.

Here, SP represents single perspective, VP de-
notes various perspectives defined in Section 3.4,
EFF denotes the environmental force feedback de-
fined in Section 3.4, and AMA is the asymmetric
mapping algorithm defined in Section 3.3.

Additionally, three metrics are designed to eval-
uate how good the virtual training of underwater
operation tasks is, listed as follows:

1. The success ratio p, = %, where N is the
number of successful times, and M is the total num-
ber of times, fixed as M = 15. In detail, the success-
ful operation of the underwater sediment sampling
task means that the mud picker is filled with the
sediment and taken back to the collection box, while
the successful operation of the underwater pipeline
docking task means that the pipeline is docked via
two manipulators.

2. The completion time py, which is the period
to successfully complete a task once during the oper-
ation mode (e.g., the sediment sampling or pipeline
docking), from the beginning to the successful oper-
ation of the task, excluding the rest time.

3. The work load p, = % > I;, which is ob-

tained by the NASA-task load iln(iex (NASA-TLX)
(Hart and Staveland, 1988) with n = 6, where I;
contains the mental demand (1), physical demand
(I3), temporal demand (I3), performance (1), effort
(I5), and frustration (I).

After providing the definitions of the conditions
and the metrics, two setups of user studies are listed
as follows:

Set 1. We select one volunteer randomly to im-
plement the training process 0, 2, 4, 6, and 8 times
under condition C5. After the training, this volun-
teer is required to implement the tasks one more
time, with the completion time p; measured.

Set 2. We select five other volunteers who have
experienced training 20 times under conditions C1-
Ch. After training, each of them is required to
implement the tasks another 15 times, with the av-
erage scores of the three metrics recorded.
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4.2 Case 1: underwater sediment sampling

The underwater sediment sampling experiment
is designed to verify the effectiveness of the digital
simulation platform in the teleoperation of a single
slave manipulator. For good presentation of the ex-
periment, Set 2 with condition C5 is selected to show
the experimental result.

The whole sampling process is shown in Fig. 8.

First, assisted by the ROV navigation and motion
control unit and the environment perception and re-
building unit, the ROV moves from the initial posi-
tion to the underwater sediment sampling point, as
shown in Fig. 8a. Second, as shown in Fig. 8b, when
the ROV arrives at the sampling point, its posture is
adjusted, and the collection box (equipped with the
mud pickers) is stuck out; then, the slave manipula-
tor enters the operation mode, and is ready to start
sampling. Subsequently, using the teleoperated ma-
nipulation unit, the master manipulator is directed
to send the position signals of its end effector to the
slave manipulator in the digital simulation platform
via the transmission control protocol/Internet pro-
tocol (TCP/IP) communication mode. Finally, the
slave manipulator is commanded to accomplish the
tasks, which include the reaching of mud pickers’ ini-
tial position to grasp the mud picker, the reaching of
the sampling point to do the sediment sampling, the
retraction of the mud picker, and the return to the
initial position.
Remark 5 Fig. 8 includes the screenshots of the
real video signal during the sediment sampling task.
It can be concluded that the in-situ data-driven dig-
ital simulation platform can accurately simulate the
actual tasks, which can be used for the virtual train-
ing of a human operator before the real underwa-
ter test. Specially, the real video signal only pro-
vides a small range and single perspective with dark
view, and the sediment occasionally blocks the cam-
era’s view. Thus, the proposed platform provides
a large range and various perspectives with bright
view, in addition to removing the turbidity caused
by the sediment, ensures the visibility of the oper-
ation, and further improves the telepresence for the
human operator.

Figs. 8a and 8b show the navigation mode,
wherein the ROV moves from its initial position to
the underwater sediment sampling point using the
DWA-based local navigation algorithm and the SMC
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Fig. 8 The underwater sediment sampling process
of ROV in the virtual scene: (a) ROV navigation
and motion process; (b) ROV posture adjustment; (c)
mud picker grasp; (d) ready to sample; (e) sediment
sampling; (f) end of sampling; (g) retraction of the
mud picker; (h) manipulator returns to the initial
position

controller. Subsequently, during the operation mode,
in the sampling preparation period (Figs. 8c—8e), the
slave manipulator grasps the mud picker and inserts
it into the sampling point under the teleoperation
control framework; Figs. 8f-8h show the sampling
operation period, during which the slave manipula-
tor finishes the sampling, retracts the mud picker to
the collection box, and returns to the initial position.

As shown in Fig. 9a, with the real-time plan-
ning of the DWA-based local navigation algorithm
and the good control performance of the SMC con-
troller, the ROV initially moves toward the target
point (i.e., the underwater sediment sampling point)
in the horizontal direction until it approaches the
place above the target point. Subsequently, the ROV
begins to descend vertically at a constant speed until
it reaches the target point. To verify the effective-
ness of the teleoperation control framework, the end
effector’s displacement of the master and slave ma-
nipulators is selected, shown in Fig. 9b. The two
curves shown in Fig. 9b have the same shape, di-
rection, and proportional size; this means that the
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Fig. 9 The motion during the full operation process of the work-class ROV and its manipulator for the
underwater sediment sampling task: (a) the planned practical trajectory of the work-class ROV; (b) the end
effector’s displacement of the teleoperated master and slave manipulators

RBFNN-based slave controller and workspace-based
asymmetric mapping algorithm under the modified
wave-variable architecture can achieve good accu-
racy during the teleoperation process. In Fig. 9b,
the trajectory formed by A-C'is the sampling prepa-
ration period, corresponding to Figs. 8c—8e. Subse-
quently, the trajectory formed by C-G represents
the sampling operation period, corresponding to
Figs. 8f-8h.

The results in Fig. 10 illustrate that the time de-
lay of the underwater sediment sampling experiment
is about 0.5 s, and the force feedback and the real
environmental force are quite similar in the shape
and value of the curves, which shows that the wave-
variable architecture and the environmental force
perception and feedback method can ensure great
force feedback accuracy in the process of underwa-
ter sediment sampling. In detail, in the process of
grasping the mud picker with the manipulator, there
always exists an environmental force on the X and
Y axes. Particularly, when the manipulator grasps
the mud picker from the collection box from A to
B in Fig. 9b, the environmental force on the Z axis
gradually increases; when the manipulator grasps the
mud picker and leaves the collection box, the envi-
ronmental force on the Z axis gradually decreases;
subsequently, when the manipulator descends verti-
cally from D to E for sampling the sediment, the
environmental force on the Z axis starts to increase
again; lastly, when finishing sampling and pulling
out the mud picker, the environmental force on the
Z axis decreases. Based on the force perception and
feedback method in Section 3.4, the human opera-
tor can obtain accurate force feedback via the Omni
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Fig. 10 Environmental force in the underwater sedi-
ment sampling process: (a) real environmental force
Fe on the slave side; (b) force feedback Fm, on the
master side

driver of the master manipulator.
4.3 Case 2: underwater pipeline docking

The experiment of underwater pipeline docking
is designed to verify the effectiveness of the digital
simulation platform in the teleoperation of multiple
slave manipulators. For a good presentation of the
experiment, Set 2 with condition C5 is selected to
show the experimental result (in Section 2 in the
supplementary materials).

4.4 User study analysis

Considering that the human operator’s opera-
tional experience in the operation mode is impor-
tant to the underwater tasks, a user study on the
operation mode with teleoperated manipulation is
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carried out. The results of the user study for these
six volunteers are analyzed in this section.

The user study Set 1 is designed to verify the
training effects of the proposed digital simulation
platform for an inexperienced human operator, to
increase the experience for implementing the tasks
after training. The results of user study Set 1 are
shown in Fig. 11, wherein the conclusions of the sed-
iment sampling and pipeline docking tasks are ba-
sically the same. Specifically, the time required for
a human operator without virtual training is 95.63 s
and 121.58 s to complete the sampling and docking
tasks, respectively. After eight rounds of training,
the completion time decreases by 57.4% and 58.4%,
respectively; that is, with the increase of training
rounds, the human operator becomes more familiar
with the process of sampling or docking, and the
completion time can be significantly reduced. Thus,
with regard to user study Set 1, it can be verified
that the proposed digital simulation platform has
good training effects for a human operator who is a
green hand on the underwater operation tasks.

The user study Set 2 is designed to verify the
telepresence improvement of the proposed platform;
five volunteers are chosen, who are well trained with
20 rounds of training and who can thus be regarded
as experts in later experiments. The results of user
study Set 2 are shown in Fig. 12. C1 has only the
SP without considering the EFF and AMA, so it
has the lowest success ratio and the highest com-
pletion time and workload. Since C2, C3, and C5
add the proposed AMA, their completion time and
the workloads are significantly decreased compared
to those of C4. Particularly, the main difference be-
tween C4 and C5 is the presence of AMA. Thus, C5

shows a significant improvement in all three metrics
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Fig. 11 Results of the user study Set 1
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when compared with C4; this is because the pro-
posed AMA matches the workspace of the master
and slave manipulators; as a result, the human op-
erator can teleoperate to complete the sampling or
docking tasks by commanding the master manipula-
tor over a shorter distance, which reduces the work-
load and improves the operation efficiency. Addition-
ally, since C5 adds the VP, C5 shows significant im-
provement in all three metrics when compared with
C3. This is because the VP can assist the human
operator to observe the operation process from dif-
ferent perspectives, which avoids the failure caused
by the parallax effect of the camera. Since C5 adds
the EFF, C5 also has a significant improvement in
all three metrics when compared with C2; this is
because the EFF can accurately provide the human
operator with the force information from the interac-
tion between the slave manipulator and the remote
environment, which helps the sampling or docking
tasks. Moreover, when comparing C2, C3, and C5
horizontally, the VP can greatly reduce the com-
pletion time, and the EFF can greatly reduce the
workload. Thus, with regard to the user study Set 2,
the proposed digital simulation platform (under con-
dition C5) can provide a human operator with the
optimal visual and force-assisted telepresence, and
obtain the highest success ratio, the lowest comple-
tion time, and the lowest work load.

Particularly, Fig. 13 shows the results of the
work load p, in Set 2 obtained from the NASA-TLX.
In detail, Fig. 13a indicates that the physical de-
mand (I2) in C4 during the sediment sampling task
is 36.37% higher than that in C5, since C4 does not
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Fig. 12 Results of the user study Set 2: (a) un-

derwater sediment sampling; (b) underwater pipeline
docking
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apply the proposed AMA, and the slave manipula-
tor has a larger workspace compared with the master
manipulator. If the workspace is not well matched,
the human operator has to operate the master ma-
nipulator over a longer distance, which finally leads
to higher Is. When comparing C3 and C5, the men-
tal demand (I7) in C3 is 40% higher than that in C5;
this is because the human operator can only observe
the slave manipulator in a single perspective; this
easily causes the parallax and renders it difficult to
judge the position of the mud picker, which increases
the I;. Additionally, the effort (I5) in C2 is 36.37%
higher than that in C5; this is because C2 does not
consider the EFF, so the operator needs to operate
the slave manipulator more carefully to avoid exces-
sive force or collision during the interaction between
the manipulator and the working environment.

It can be seen from Fig. 13b that the results
of the pipeline docking task are similar to that
of the sediment sampling task. Specifically, when
compared with Cb5, I in C4 without the proposed

Huang et al. / Front Inform Technol Electron Eng 2025 26(8):1394-1410

AMA is 62.5% higher, I; in C3 without the SP is
62.5% higher, and I5 in C2 without the EFF is 100%
higher; that is, with the increase of the task complex-
ity, the work load p, of the human operator increases
greatly. Thus, through the user study Set 2, it can be
proved that the proposed digital simulation platform
(C5) effectively reduces the work load of the human
operator, and the more complicated the tasks, the
more significant the reduction effect.

Remark 6 Based on the user study carried out
to evaluate the virtual training process for the under-
water sediment sampling and pipeline docking tasks,
using the metrics listed in Section 4.1, the designed
digital simulation platform is found to have good ap-
plicability. With regard to the comparison with the
real video signal and the result of the user study, the
visual information and the in-situ data are accurately
created and displayed on the screen, while the force
feedback is provided via the Omni driver. Thus, by
using the proposed digital simulation platform, the
human operator can effectively be trained to imple-
ment the underwater operation tasks with immersive
telepresence.

5 Conclusions

This paper presents a digital simulation plat-
form for the full operation process of work-class
ROVs, which achieves low-cost and immersive under-
water teleoperation training with quality-improved
telepresence using the recorded in-situ data. To
make this digital simulation platform more power-
ful, a data interface is designed for the recorded in-
situ data virtual training and for helping test and
improve the related algorithms. Several algorithms
are implemented to ensure the integrity of the pro-
posed platform, which shows the effectiveness of the
simulation for navigation, motion, and teleoperated
manipulation of work-class ROVs. To further evalu-
ate the superiority and accuracy of the digital sim-
ulation platform for immersive underwater teleoper-
ation training, a user study on the ROV operation
mode is carried out with the specific underwater sed-
iment sampling and pipeline docking tasks, which
shows that the proposed digital simulation platform
can provide the human operator with immersive vi-
sual and force-assisted telepresence, and thus helps
him/her gain experience through training before the
real underwater test.
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In the future, we will investigate advanced nav-
igation and control algorithms, in addition to topics
related to more realistic ROV hydrodynamic model-
ing and underwater physical parameters, within the
designed digital simulation platform.
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