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Abstract: The goal of underwater docking is to safely insert an autonomous underwater vehicle
(AUV) into the docking sleeve of a docking station (DS). However, AUVs frequently experience
disturbances in their operating environment under motional constraints owing to their shapes,
which can significantly impede successful docking missions. Therefore, it is essential to develop an
assessment method and corresponding index representing feasibility. In this study, we suggest a
new assessment method and a probability-based assessment index to assess the underwater docking
process, considering aforementioned motional constraints. The assessment is made for both the
position and heading angle of the AUV, with the results presented in probabilistic figures. These
figures are used to estimate the assessment index, which represents the probability of successful
docking. The final decision on whether to dock or not can be made based on this index. When the
index exceeds a predefined threshold, it indicates that the current docking process is reliable, and the
docking will be successful. The suggested assessment method and the index were validated through
tests conducted in various underwater environments. The results show that the probability-based
index estimated through the proposed method can be grounds for successful docking.

Keywords: autonomous underwater vehicle; probability-based index; underwater docking; dock-
ing assessment

1. Introduction

Autonomous underwater vehicles (AUVs) are used for various purposes in a wide
range of fields, as they are able to carry out missions in environments that are challenging
for humans to access. Furthermore, ongoing efforts are being made to enhance the efficiency
and performance of AUVs. Meanwhile, the operational duration of AUVs is directly related
to the capacity of the built-in battery. In the event that the remaining power level falls
below a specific threshold, it becomes imperative for AUVs to be retrieved or returned.
Subsequently, upon recharging the battery and transferring data, AUVs are redeployed to
their mission sites. Recently, the incorporation of docking stations (DSs) into this sequence
has facilitated prolonged AUV missions.

To achieve successful underwater docking of an AUV, it is essential to establish a clear
and secure path from the mission area to the DS. Since state compensation through wireless
communication or global positioning systems is limited during underwater navigation,
correcting errors in the navigation system becomes necessary. In addition, environmental
disturbances such as ocean currents may cause the AUV to deviate from its path, requiring
a disturbance-adaptive controller. Therefore, the development of various sophisticated
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underwater docking technologies is crucial, and numerous studies have been conducted in
this area [1,2].

To ensure that the AUV can reach the DS efficiently, several methods for generating
optimal paths by solving mathematical problems have been proposed [3,4]. Furthermore, a
geometrical approach that models obstacles as enclosed polygonal shapes with additional
buffers and generates an optimal path has been proposed [5]. A path-planning method
based on experimental analysis of an AUV’s turning radius according to rudder angle has
also been proposed [6,7].

Navigation systems have been enhanced with docking guidance sensors to increase the
accuracy during the docking process [8]. Acoustic sensors, including short baseline (SBL)
and ultra-short baseline (USBL), and vision sensors, including cameras, are commonly used
as docking guidance sensors. Acoustic sensors are employed to recognize the AUV’s states
relative to the docking path or the DS and to compensate for discrepancies [9]. Meanwhile,
vision sensors aid the AUV in aligning with respect to the DS by detecting markers around
its entrance and extracting the center position [10]. In certain cases, multiple guidance
sensors are simultaneously employed [11]. Furthermore, certain sensors that imitate
the passive electro-location ability of underwater organisms have been developed and
applied [12].

Several studies have also been conducted to overcome the influence of ocean cur-
rents during docking processes. To mitigate the impact of ocean currents during the
docking process, studies have developed methods that estimate AUVs’ direction and speed
and adjust the heading angle accordingly [13–16]. Other techniques, such as leveraging
hydrodynamic interactions [17], inducing the AUV to the center of the DS using a vector
field [18,19], and reachability-based control [20,21], are also under investigation.

However, due to various uncertainties present while navigating underwater, it is diffi-
cult to completely prevent the AUV from failing to dock or even colliding with the DS [22].
Therefore, it is crucial to assess the docking process to ensure safe and successful dock-
ing [23,24]. Despite its significance, the number of studies specifically dedicated to assessing
the docking process remains relatively small. This study proposes a method to assess the
underwater docking process for an underactuated torpedo-type AUV into a funnel-shaped
DS. Additionally, a probability-based index is proposed to quantify the results. The validity
of the proposed method and index is confirmed by analyzing experimental results obtained
in various environments.

The structure of this paper is as follows: In Section 2, an area for assessing the
underwater docking process of an AUV, considering its operational limitations, is defined.
Moreover, the assessment method for the underwater docking process and the derivation
of the probability-based index, which indicates the feasibility of docking, are explained. In
Section 3, results of tests performed in various environments are analyzed, and the validity
and effectiveness of the proposed assessment method and index are verified. Finally,
Section 4 presents the conclusions.

2. Underwater Docking Assessment Design
2.1. Docking Assessment Area

A simple but new method for assessing the underwater docking process is proposed.
It is applicable when AUVs are within a specific docking assessment area (DAA) and
approaching a DS based on a planned path. It is assumed that the AUV enters the DAA at
the same depth as the DS and maintains a constant velocity. Here, a successful docking is
defined as the AUV reaching the same state as the DS. To ensure successful docking, the
DAA must meet several geometric conditions within the docking environment, which are
outlined below.

Firstly, the DAA occupies the part of a circle centered on the position of the DS
(Condition 1). This means that the assessment is started when the AUV reaches a predefined
radial distance from the DS. If guidance sensors are utilized, the radius of the circle can be
set to the operating range of a sensor. This allows an efficient process with minimal memory
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and workload, as the assessment can be conducted from a known point. In the absence of
docking guidance sensors, the distance can be selected arbitrarily. Secondly, the DAA does
not include the rear of the DS entrance (Condition 2). Even if the AUV has to approach
from the rear of the DS due to geographical features, it will eventually need to align to the
DS by moving to the front. Therefore, the rear of the DS entrance is not considered in the
DAA. Finally, the DAA does not include an undockable area (UDA) (Condition 3). When
the AUV attempts to dock from the side of the DS, it needs to make a horizontal turn. If
the DS is positioned on the minimum-turning-radius path (MTRP) of the AUV and the
distance between the AUV and the DS is equal to the diameter of the MTRP, the AUV will
succeed in docking by turning only, as illustrated in Figure 1. Here, the MTRPs (MTRPDSL
and MTRPDSR) are circular paths that appear when the AUV maintains its maximum rate
of turning at a constant speed, and the radius of the MTRP is the minimum turning radius
(MTR). They represent the boundaries of the area from which the AUV can reach the DS by
turning left and right. However, if the AUV is positioned inside the MTRP, there are no
feasible paths for docking. Therefore, their interiors are UDAs (UDAL and UDAR) and are
not included in the DAA. Figure 2 displays a DAA that satisfies all three conditions, with a
docking guidance sensor having the same operating range as the MTR of the AUV.
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2.2. Docking Assessment Method

The success of underwater docking depends on matching of the states of the AUV
and DS, including position and heading angle. Typically, these states are intended to align
at the terminal stage of the docking process, and assessments are carried out based on
the alignment of these states. However, in challenging circumstances such as when the
DS is located on the hard-to-reach seabed or when the AUV is affected by ocean currents,
rapid changes in the states of the AUV may be inevitable. In these circumstances, the state
alignment of the AUV for the DS is bound to be disturbed. This can lead to premature
judgement that docking is not possible even when the AUV can reach the DS sufficiently. To
address this, this section proposes a method to assess whether the states (position, heading
angle) are likely to allow the AUV to match its states with the DS within a short period.
The assessment is performed with respect to the center of the DAA and the heading angle
towards the DS as the assessment criteria, which vary with the separation between the
AUV and the DS.

This separation is a crucial factor in compensating for errors and meeting the assess-
ment criteria. If the error is significant, there is a low probability of successful docking
because the error cannot be fully compensated for within the remaining distance. This
means that the influence of error on the assessment results may vary depending on the
separation. Therefore, the assessment range is designed to narrow as the distance decreases,
ensuring inversely proportional influence of the error to the distance. The assessment range
for the position is set as the width of the DAA. In the case of the heading angle, it is set as
the range of direction angle, from the boundary of the DAA to the DS.

The ideal docking scenario for the AUV involves approaching the center of the DAA
with the same heading angle as the DS. In this regard, the assessment results consistently
indicate the highest value. When the AUV has an error of the same magnitude as the
ideal state, both positively and negatively, the assessment results are identical. The use
of the normal distribution function in the assessment process allows for a symmetrical
representation of results on both sides of the center. Here, the standard deviation of the
normal distribution function is determined by the confidence interval (CI) level projected
onto the assessment range, as depicted in Figure 3. The relationship between the assessment
range (w) and the standard deviation (σ) is expressed as Equations (1) and (2), where the
hyperparameter k determines the CI level of the normal distribution function. Equation (3)
demonstrates the calculation for the normal distribution value. Here, X represents the
current state being assessed, and µ is an assessment criterion.
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σ =
w
2k

(2)

pdf(X) =
1√

2πσ2
e−

(X−µ)2

2σ2 (3)

However, it is necessary to consider additional factors in the assessment process.
Specifically, the entrance width of the DS (we) and the maximum degree of turning through
rudder control in minimum unit time (εψ) should be reflected in the position and heading
angle assessments, respectively, as indicated by Equations (4) and (5). These factors are
applied as tolerance ranges to the current states. In the case of we, it is used to account for
the potential of being guided to the center of the DS by the shape of the inlet. As for εψ, it
is employed to consider the potential change in the heading angle through control as the
AUV moves forward.

The assessment result for the state matching is calculated as Equation (6). The de-
gree of matching with the assessment criterion is expressed by dividing the maximum
function value within the tolerance range for the current state by the function value for
the assessment criterion. The final result of the assessment, the index representing the
probability of docking (PD), is calculated using the degrees of state matching for the posi-
tion criterion (Pp) and the heading angle criterion (Pψ), shown in Equation (7) [23]. Here,
the degree of matching represents the probability that the state of the AUV matches the
assessment criterion. Additionally, it is assumed that the position and heading angle of
the AUV are independent of each other. In general, the probability of two events occurring
simultaneously is expressed as the product of their individual probabilities. Therefore,
the probability of docking refers to the probability that the position and heading angle
each match the assessment criterion. Meanwhile, if the two degrees of matching hold the
same value, the probability of docking should also reflect the same value. However, this
cannot be expressed using the conventional form of a probability product. Therefore, the
probability of docking is derived as the square root of the product of these probabilities.

pdf(X) =
1√

2πσ2
e−

((X+i)−µ)2

2σ2 (4)

i =
{
−we

2 ≤ i ≤ we
2 , in position assessment

−εψ ≤ i ≤ εψ , in heading angle assessment
(5)

Pp,ψ =
max(pdf(X))

pdf(µ)
× 100(%) (6)

PD =
√

Pp × Pψ (7)

Based on the calculated index, the final decision for docking can be made. If the index
is equal to or greater than a predefined threshold, it indicates that the current states of the
AUV are reliable in performing docking. However, if the index falls below the threshold, it
signifies unreliability, and the docking process must be halted to prevent a collision with
the DS. To avoid such collisions, the AUV should initiate a turning maneuver while a
safe distance is guaranteed, before reaching the minimum distance for optimal avoidance
(MDOA). Figure 4 geometrically illustrates the decision of the MDOA considering the
turning maneuver of the AUV.
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The sequence of determining the MDOA is as follows: First, define a circle with a
diameter equal to the entrance width of the DS, centered on its position. Then, position the
AUV to face the DS, with its MTRP tangent to the previously defined circle. At this point,
the common tangent line of the two circles and the line that connects the centers of the two
circles form a right angle. As a result, connecting the center of each circle and the AUV
forms a right triangle, leading to the establishment of Equation (8). The result obtained
from this equation represents the distance between the AUV and DS in such a situation.
Therefore, the AUV can avoid collision with the DS by making a decision to turn before the
distance becomes closer than the MDOA.

MDOA =

√(
MTR +

we

2

)2
−MTR2 (8)

3. Tests and Results Analysis
3.1. Functional Test

An experiment was conducted in a water tank to validate the functionality of the
probability computation algorithm and check the probability-based index that varies with
the hyperparameter k. A DS, with an entrance radius of 0.3 m, was installed at the end of
the centerline of the water tank on the horizontal plane, and the local coordinate system
was set as shown in Figure 5. The heading angle of the DS was set to 180◦ relative to the
Y axis in the local coordinate system. An AUV, with a diameter of 0.2 m, was fixed to the
hoist with its heading angle consistent with the DS, and data were obtained by moving the
hoist such that the position of the AUV conformed to preset paths.

Figure 6 shows the change in position of the AUV with respect to the DAA. Here, the
MTR of the AUV is 15 m. Figures 7 and 8 show the changes in assessment criteria and
states that occur as the separation between the AUV and the DS decreases. The results of
the docking probability computation for each path, according to the CI levels of the normal
distribution function at the assessment start point (ASP) and assessment end point (AEP),
are shown in Tables 1–3. The CI level for determining the standard deviation of the normal
distribution function during assessment was reviewed based on these data.

As shown in Figure 7, the position change along Path 1 is nearly identical to the center
of the DAA, which is the position assessment criterion. This resulted in a 100% match with
the criterion at both the ASP and AEP, regardless of the CI level. Similarly, in Figure 8, the
heading angle is also nearly identical to the heading angle criterion, with a 100% match with
the criterion. Consequently, the probability of docking appears to be 100%. For Paths 2 and
3, in contrast to Path 1, the AUV moves in states that deviate from the center of the DAA.
In the initial state of the assessment for both states, the degree of deviation is relatively
small compared to the width of the DAA. Therefore, the deviation does not significantly
affect the assessment result, resulting in a high degree of match. However, as the distance
between the AUV and DS decreases, so does the width of the DAA. Consequently, even
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though the deviation does not change, the AUV gradually approaches the boundary of
the DAA, eventually leaving the DAA. The degree of match for the heading angle also
gradually decreases. This is because the heading angle assessment criterion changes as the
separation decreases, but the heading angle of the AUV remains the same. As a result, it is
confirmed that the deviation has an inversely proportional effect on the separation between
the AUV and the DS in relation to the assessment results.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Composition of the water tank environment for functional test. 

 
Figure 6. Changes in the position of the AUV by path acquired in the functional test. 

Figure 5. Composition of the water tank environment for functional test.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Composition of the water tank environment for functional test. 

 
Figure 6. Changes in the position of the AUV by path acquired in the functional test. Figure 6. Changes in the position of the AUV by path acquired in the functional test.

The results from Path 1–3 show how the degree of state matching changes with varying
assessment range while the AUV maintains a consistent deviation from the center of the
DAA. In contrast, Path 4 is a route that crosses the DAA. Figures 9–11 show how the degree
of state matching and the probability of docking change as the deviation near the entrance
area of the DS changes. In the result of the position assessment, a high degree of match is
observed within the area corresponding to the entrance area of the DS. However, in the
case of the heading angle assessment, a larger deviation occurs compared to the deviation
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in the position assessment. Consequently, a greater decrease in the degree of matching is
observed, even within the entrance area of the DS. Even so, it is evident that if the heading
angle had been directed towards the DS during the movement, there would have been a
wider section with a higher degree of match.
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Table 1. Acquired data from Path 1 of the functional test.

CI Level
ASP AEP

Pp (%) Pψ (%) PD (%) Pp (%) Pψ (%) PD (%)

50% 100.00 100.00 100.00 100.00 100.00 100.00

60% 100.00 100.00 100.00 100.00 100.00 100.00

70% 100.00 100.00 100.00 100.00 100.00 100.00

80% 100.00 100.00 100.00 100.00 100.00 100.00

90% 100.00 100.00 100.00 100.00 100.00 100.00

99% 100.00 100.00 100.00 100.00 100.00 100.00

Based on these results, two analyses can be deduced. Firstly, an increasing deviation
from the criterion results in a decrease in the degree of state matching. Secondly, the
deviation greatly affects the degree of state matching as the distance between the AUV
and the DS decreases. Based on these factors, it is validated that the designed assessment
method assesses the real-time states of the AUV by calculating the degree of state matching
with the assessment criteria as intended. Since the designed assessment criteria represent
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the ideal states for reaching the DS based on the real-time state of the AUV, this indicates
that the designed assessment method serves as a means to assess the real-time feasibility
for docking. Therefore, the result of the assessment can be used to determine whether or
not to dock until the AUV reaches the MDOA.

Table 2. Acquired data from Path 2 of the functional test.

CI Level
ASP AEP

Pp (%) Pψ (%) PD (%) Pp (%) Pψ (%) PD (%)

50% 99.90 99.85 99.88 89.31 80.57 84.83

60% 99.85 99.77 99.81 83.32 71.38 77.35

70% 99.77 99.65 99.71 76.52 59.97 67.74

80% 99.65 99.46 99.55 66.43 45.77 55.14

90% 99.42 99.11 99.27 50.99 27.61 37.52

99% 98.59 97.86 98.22 19.40 4.35 9.19

Table 3. Acquired data from Path 3 of the functional test.

CI Level
ASP AEP

Pp (%) Pψ (%) PD (%) Pp (%) Pψ (%) PD (%)

50% 99.46 99.37 99.42 84.69 80.48 82.56

60% 99.17 99.02 99.09 77.15 71.25 74.14

70% 98.74 98.51 98.62 67.47 59.80 63.52

80% 98.08 97.74 97.91 54.81 45.58 49.98

90% 96.85 96.30 96.58 37.16 27.42 31.92

99% 92.51 91.23 91.86 8.97 4.28 6.19
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Moreover, a simple inference for the CI level can be drawn. When the AUV aligns with
the heading angle condition, it can reach the DS at the boundary of the DAA. However,
during the functional test, the heading angle of the AUV was constrained to match that of
the DS. As a result, in Paths 2 and 3, the AUV satisfied the position condition but not the
heading angle condition. Therefore, for an AUV located at the boundary of the DAA, the
position match should be 50% or higher, while the heading angle match should be less than
50%. To reflect this in the assessment results, the CI level should be set at 80% or higher.
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3.2. Field Test

An experiment was conducted in a real sea environment to validate the proposed as-
sessment method and index (Figure 12). The AUV performed a total of 10 docking attempts,
with two trials for each of the five paths, navigating straight from the last waypoint to the
DS, as shown in Figures 13 and 14. Due to the need for visual confirmation of successful
docking at a shallow diving depth, an actual DS could not be used. Instead, a test module
with the same entrance radius was utilized. The test module was positioned at coordinates
(0, 1) m relative to the starting point, with a heading angle of 270◦. The operating range of
the docking guidance sensor was 15 m and, in accordance with Equation (8), the MDOA
was 3.015 m. During the test, the AUV successfully docked in the test module nine out
of ten times, failing in the second trial, resulting in a 90% success rate. This success rate
was compared with the estimated probability-based index for each CI level, referring to the
analysis results from the functional test.

It was confirmed in the functional test that the CI level for the normal distribution
function should be higher than 80%. Therefore, assessments were made only at CI levels
of 80%, 90%, and 99% in the field test. Tables 4 and 5 display the degrees of position and
heading angle matching of the AUV at the ASP and AEP. Table 6 lists the corresponding
probabilities of docking. Comparing the degree of state matching and probability of
docking at the AEP for each CI level with the success rate obtained through experiments,
it can be seen that the results are most similar when the CI level is 90%. Therefore, if the
normal distribution function in the state assessment is designed based on the corresponding
CI level, the resulting probability of docking closely resembles the actual probability.
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Table 4. Degree of position matching (Pp) of each trial.

Trial

CI Level

80% 90% 99%

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

1 99.9960 100.00 99.9934 100.00 99.9839 100.00

2 100.00 100.00 100.00 100.00 100.00 100.00

3 99.9991 100.00 99.9985 100.00 99.9963 100.00

4 99.9838 100.00 99.9734 100.00 99.9352 100.00

5 99.9876 100.00 99.9795 100.00 99.9501 100.00

6 99.9881 100.00 99.9805 100.00 99.9524 100.00

7 99.9612 100.00 99.9361 100.00 99.8444 100.00

8 99.9753 100.00 99.9593 100.00 99.9009 100.00

9 99.9926 100.00 99.9878 100.00 99.9704 100.00

10 99.9922 100.00 99.9871 100.00 99.9685 100.00

Avg. 99.9876 100.00 99.9796 100.00 99.9502 100.00

Table 5. Degree of heading angle matching (Pψ) of each trial.

Trial

CI Level

80% 90% 99%

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

1 100.00 85.3578 100.00 77.0537 100.00 53.0064

2 99.9961 98.7728 99.9936 97.9874 99.9844 95.1697

3 100.00 96.1025 100.00 93.6641 100.00 85.2663

4 99.9986 91.8285 99.9977 86.9047 99.9944 71.0498

5 100.00 86.1365 100.00 78.2145 100.00 54.9721

6 99.9942 88.6278 99.9904 81.9738 99.9767 61.6925

7 100.00 80.3448 100.00 69.7435 100.00 41.5854

8 100.00 82.4647 100.00 72.8010 100.00 46.1624

9 100.00 89.7582 100.00 83.7024 100.00 64.8421

10 99.9971 85.1290 99.9952 76.7139 99.9882 52.4391

Avg. 99.9986 88.4523 99.9977 81.8759 99.9944 62.6186

Table 6. Probability of docking (PD) of each trial.

Trial

CI Level

80% 90% 99%

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

1 99.9980 92.3893 99.9967 87.7802 99.9920 72.8055

2 99.9981 99.3845 99.9968 98.9886 99.9922 97.5550

3 99.9995 98.0319 99.9992 96.7802 99.9981 92.3398
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Table 6. Cont.

Trial

CI Level

80% 90% 99%

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

ASP
(%)

AEP
(%)

4 99.9912 95.8272 99.9855 93.2227 99.9648 84.2910

5 99.9938 92.8098 99.9898 88.4390 99.9750 74.1432

6 99.9912 94.1423 99.9854 90.5394 99.9646 78.5044

7 99.9806 89.6353 99.9680 83.5137 99.9222 64.4867

8 99.9876 90.8101 99.9796 85.3235 99.9504 67.9429

9 99.9963 94.7408 99.9939 91.4890 99.9852 80.5246

10 99.9946 92.2654 99.9911 87.5865 99.9784 72.4148

Avg. 99.9931 94.0037 99.9886 90.3663 99.9723 78.5008

4. Conclusions

This paper presents a simple but effective assessment method for the underwater
docking process of a torpedo-type AUV to a funnel-shaped DS. This method accounts
for the maneuvering constraints due to the underactuated characteristics of the AUV and
defines a specific assessment area. Within this area, the assessment is made for the position
and heading angle of the AUV. The assessment results are expressed as probabilistic figures,
indicating the degree of matching between the current states of the AUV and the ideal
states for docking. To represent the results as probabilistic figures, the normal distribution
function is employed, which is projected onto the assessment range that decreases with
distance between the AUV and the DS. Ultimately, the probability of docking is estimated
based on these degrees of state matching.

A reasonable confidence interval (CI) level for the normal distribution function is
determined through the analysis of data obtained from functional tests. By comparing the
success rate of underwater docking in real sea experiments with the probability-based index
derived from the assessment, it was found that setting the CI level to 90% results in the index
closely matching the success rate of docking. This confirms the effectiveness of the proposed
assessment method and the validity of the index. If the index is equal to or exceeds the pre-
defined threshold, the docking can be considered successful. Otherwise, if the index is lower,
the AUV can perform a turn before reaching the MDOA to avoid collisions with the DS.
The analysis of experimental results demonstrates that the probability-based index has the
potential to serve as a standard for successful underwater docking of AUVs. Furthermore,
the proposed assessment method proves its applicability to various unmanned systems
striving to reach their destinations.

The main limitation of this algorithm is its failure to consider the performance of
the sensors mounted on the AUV and DS, even though the assessment relies on them.
To address this, future research will prioritize incorporating the error performance of
sensors utilized in the docking process into the assessment process, thereby enhancing the
credibility of the estimated probability of docking.
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