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Abstract: To ensure unmanned vehicles can perform a sortie mission quickly, efficiently, safely and
reliably after receiving the command, it is necessary to calculate the sortie mission reliability of the
shipborne unmanned vehicle group before loading. Aimed at the layout and sortie characteristics
of an unmanned vehicle group, a sortie mission network model and a calculation method for sortie
mission reliability are designed in this paper. Firstly, this paper uses space partition to parallel
search for equal-length minimal paths based on the two-terminal network reliability. Secondly, this
paper adopts the sum of disjoint products to process the equal-length minimal path set, innovatively
proposing a calculation method for the sortie mission reliability of the shipborne unmanned vehicle
group. Finally, the sortie mission reliability for three typical cases was calculated and compared
with the Monte Carlo method. The comparative analysis indicates that the proposed method is
both accurate and efficient, thereby corroborating its scientific validity and practical effectiveness.
This study fills the gap in the field of sortie mission reliability and lays a theoretical foundation for
subsequent research. Meanwhile, the method proposed in this paper can also be extended to the
reliability calculation of a multiple-vehicle sortie mission in similar enclosed spaces.

Keywords: sortie mission reliability; two-terminal network reliability; minimal path set; space
partition; disjoint

1. Introduction

A shipborne unmanned vehicle refers to a combat vehicle with the ocean as its activity
space and a marine transportation vessel as its carrier. It has characteristics of unmanned op-
eration and intelligence, which can perform complex and diversified missions [1]. However,
a single shipborne unmanned vehicle is usually limited by many factors when performing
its mission. Therefore, in intelligent naval warfare, a shipborne unmanned vehicle is usually
deployed in a group to perform combat missions efficiently and reliably [2]. A shipborne
unmanned vehicle group is a type of vehicle group that uses network transmission to
enable mission information sharing among multiple unmanned vehicles by simulating the
biological cluster mode [3]. With the development of intelligent technologies including
complex environment perception technology, accurate reasoning and decision-making
technology and multi-machine synergy technology, shipborne unmanned vehicle groups
are becoming increasingly prominent in intelligent naval warfare [4]. Meanwhile, the
real-time dynamic environment and the complex and variable mission commands also
demand higher mission reliability of shipborne unmanned vehicle groups [5].

The mission reliability problems of shipborne unmanned vehicle groups can be cat-
egorized into sortie mission reliability problem, combat mission reliability problem and
recovery mission reliability problem according to different mission processes [6]. Currently,
the mission reliability studies of unmanned vehicle groups are all focused on combat mis-
sion reliability. By establishing the system reliability model of unmanned vehicle groups,
the probability of successfully performing combat missions can be calculated. Gai et al. [7]
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proposed a discrete event system simulation method based on multi-simulation to evaluate
the combat mission reliability of shipborne vehicles. Ma et al. [8] developed a method to
assess the mission reliability of individual flight vehicles based on operational mission
parameters. Dui et al. [9] designed a structural optimization method for an unmanned
vehicle group, aimed at improving the reliability of completing combat missions in specific
operational vehicles.

However, research on the reliability of sortie missions and recovery missions is still in
its exploratory stages [10]. The sortie mission reliability problem refers to the ability of a
shipborne unmanned vehicle to be activated from the deployment point until it safely leaves
the transportation vessel to perform the combat mission according to the sortie mission
command. At present, when loading an unmanned vehicle, the maritime transportation
vessels in many countries aim at carrying more unmanned vehicles and obtaining higher
deck utilization rates by compressing the layout chamber space. If some of the shipborne
unmanned vehicles break down due to vehicle malfunction in a sortie mission, it will cause
a blockage of the exit and thus prevent the remaining unmanned vehicles from performing
the sortie mission. Therefore, it is necessary to calculate the sortie mission reliability before
loading to ensure the shipborne unmanned vehicle group can perform the sortie mission
quickly and efficiently after receiving the mission command.

The calculation for the sortie mission reliability of a shipborne unmanned vehicle
group can use the known calculation method of combat mission reliability as the theoretical
basis. In the known combat mission reliability studies, calculation of the combat mission
reliability for a single-machine unmanned vehicle usually adopts the Markov Stochastic
Process Theory, the Fault Tree Analysis, the Monte Carlo-Based Simulation Analysis and
other methods; a multi-machine unmanned vehicle group is often analyzed by mapping the
space relationship of vehicles into a network structure and constructing a reliability network
model [11–13]. However, unlike performing combat missions, when unmanned vehicles
perform sortie missions, the sortie space is usually small and semi-enclosed. This results in
complex space constraints between vehicle individuals and between the vehicle and the
environment due to the tight layout scheme. When a vehicle is an individual sortie, it will
change the space constraints of the surrounding vehicle individuals, making it necessary
to constantly reconstruct the mission network. Therefore, the traditional static modeling
method cannot be used for the sortie mission network of an unmanned vehicle group which
requires constant reconstruction. The static modeling method consumes a lot of time and
resources in reconstructing the network, while a suitable dynamic modeling method can
not only simulate the dynamic changes of an unmanned vehicle group when they perform
sortie missions, but also reduce the resource consumption and calculation time [14]. Pan,
Zhao, SHIN, et al. [15–17] analyzed various dynamic modeling methods such as Dynamic
Reliability Block Diagram Method, Dynamic Monte Carlo Method and Dynamic Fault
Tree Method in detail, and reviewed the characteristics, advantages, disadvantages and
application situations of each method

Gaur et al. [18] pointed that the most general, fast and efficient way to calculate
network reliability at present is to calculate the two-terminal reliability of the network.
In the standard definition of two-terminal network reliability, network reliability is the
probability that it can be connected from the source node to the end node. When the
shipborne unmanned vehicle group receives the sortie mission command, these shipborne
unmanned vehicles will sortie in an orderly sequence, and there is one and only one
shipborne unmanned vehicle to complete the sortie mission through the exit at one time.
Therefore, calculating the sortie mission reliability of the shipborne unmanned vehicle
group can be viewed as calculating the two-terminal reliability of the sortie mission network,
where the source node is the first vehicle to perform the sortie mission, and the terminal
node is the last vehicle to complete the sortie mission. Zhou et al. [19] proposed to deform
the network appropriately and used the reliability block diagram method to transform
the solving problem into a two-terminal reliability problem. He also believed that the
problem can be solved accurately by using the minimal path set-based classical analytical



J. Mar. Sci. Eng. 2024, 12, 1309 3 of 20

method and the sum of disjoint products method, or it can be solved approximatively by
using Monte Carlo simulation. Sebastio et al. [20] found that compared with the exhaustive
enumeration, preferentially searching for the minimal paths that contributed significantly to
the reliability calculation facilitated the rapid narrowing of the upper and lower bounds of
the reliability and thus increased the speed of accurate calculation. Dragoi et al. [21] proved
that given different initial solutions, the importance of each minimal path changed and the
calculation efficiency of the sum of the disjoint products method could be improved after
sequencing minimal paths according to their importance. Bai et al. [22] proposed the state
space partition method, which partitioned the global solution space into several parallel
subspaces, and the parallel search in each subspace could improve the search speed. Lee
et al. [23,24] proposed a method that combines big data and artificial intelligence models to
enhance the reliability of unmanned vehicles by improving data processing and predictive
models. These studies offer new perspectives for mission network construction, dynamic
network modeling and system simulation verification.

Therefore, the research on the reliability block diagram method, minimal path set
method, disjoint product method and search and sorting algorithms can provide a certain
theoretical basis for the sortie mission reliability of shipborne unmanned vehicle groups.
At the same time, the sortie mission network of a shipborne unmanned vehicle group
should be continuously reconstructed according to different sortie scenarios. This requires
combining the above theories with dynamic network modeling methods to establish a
dynamic reliability network that conforms to the characteristics of a shipborne unmanned
vehicle sortie mission, and propose a minimal path search algorithm and disjoint product
formula for a matching network model.

To address the above issues, this paper proposes a method to calculate the sortie
mission reliability of a shipborne unmanned vehicle group, as illustrated in Figure 1.
The method constructs a sortie mission reliability network of a shipborne unmanned
vehicle group by analyzing the layout characteristics, and proposes a minimal path search
algorithm by analyzing the sortie characteristics to quickly calculate the sortie mission
reliability of a shipborne unmanned vehicle group.

In summary, this paper makes the following contributions:

• A sortie mission reliability network model of a shipborne unmanned vehicle group is
established based on the dynamic reliability block diagram method.

• A minimal path search algorithm based on space partition is designed. The algorithm
can quickly search for the important minimal paths according to the sortie charac-
teristics, and sequence the searched minimal paths according to their importance
simultaneously.

• A calculation formula for the sortie mission reliability of a shipborne unmanned
vehicle group is proposed. The formula can be used as the basis for the subsequent
sortie mission reliability studies and provides theoretical support for loading and
deciding the layout scheme of unmanned vehicles.

The rest of the paper is organized as follows: Section 2 describes the sortie mission
network modeling process of a shipborne unmanned vehicle group. Section 3 illustrates the
minimal path search algorithm based on the space partition and the sum of disjoint products
method. Section 4 demonstrates the effectiveness of the above model and algorithm through
case calculation and method comparison. Section 5 discusses the research results of this
paper and its limitations. Section 6 gives the conclusion and future research plans.
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Figure 1. The methodology diagram of calculation method for sortie mission reliability of shipborne
unmanned vehicle group.

2. Sortie Mission Network Model

As the space constraints between the vehicles of the shipborne unmanned vehicle
group are constantly changing during the sortie mission, the reliability dependency between
the vehicles is also constantly changing. This section is organized as follows: Firstly, it
describes the layout characteristics of a shipborne unmanned vehicle group. Then, it
analyzes the sortie characteristics of the shipborne unmanned vehicle. Finally, it proposes
the sortie mission network model based on dynamic reliability block diagram.

2.1. Layout Characteristics

Shipborne unmanned vehicles are usually deployed in a designated layout area on the
interior deck of a transportation vessel to form the shipborne unmanned vehicle group [25].
The layout area is usually chosen in the chamber which is flat and fully accessible with
fewer columns. At the current stage, a majority of the utilization schemes for the layout
area are based on dividing lanes; i.e., according to the space size of the vehicle, a number of
parallel lanes are set up along the stern direction, and the vehicles are loaded one by one
in units of their length. A minority of the utilization schemes use the automated loading
algorithm, the intelligent optimization algorithm and other methods to transform the
layout problem into a two-dimensional packing problem according to the two-dimensional
dimensions of the vehicle and the layout space. The lane division scheme results in some
space waste in the area around the edge of the layout outside the lanes and the area around
the narrower width of the vehicle within the same lane [26]. For the automated loading, an
algorithm is used. Although the layout area can be fully utilized, the tight accumulation of
vehicles will compress the transfer space of the vehicles, thus reducing the sortie mission
reliability of the shipborne unmanned vehicle group.



J. Mar. Sci. Eng. 2024, 12, 1309 5 of 20

2.2. Sortie Characteristics

At the current stage, the transportation vessels in many countries are equipped with
multiple decks for loading various kinds of unmanned vehicles [27]. To facilitate the
performance of the sortie and recovery missions, a complex system of channels is usually
set up between the decks, as well as springboards at the bow, stern and side of the vessel.
During sortie missions, the shipborne unmanned vehicle needs to be transferred from deck
to deck through the ramp and elevator. Then, the vehicle will choose to sortie from the
flight deck, the bow door, the stern door or the gangway jumper depending on its type and
space size [28]. In the sortie process of a shipborne unmanned vehicle group, the vehicle
close to the exit usually takes priority, and the subsequent vehicles will sortie sequentially
according to the mission command and space constraints.

2.3. Network Model

From the above analysis, it can be seen that the key to constructing the sortie mission
network model of a shipborne unmanned vehicle group is to correctly represent the initial
space constraint relationship between each vehicle and the changing space constraint
relationship during the sortie mission.

The reliability block diagram method is a graphical method used on the large complex
system to analyze the system reliability and the effect of component failure rate on complex
system reliability. The dynamic reliability block diagram is an extension of the reliability
block diagram that adds a “dormant” state to each component beyond “working” and
“failed”. It can be modeled according to the reliability interaction dependencies between
the components.

Combing the layout and sortie characteristics of a shipborne unmanned vehicle group,
the following assumptions are proposed for the sortie mission network model based on the
dynamic reliability block diagram method:

1. The sortie mission network system has only two states: “working” and “failed”.
2. The arc has three states: “working”, “failed” and “dormant”.
3. The nodes do not fail.
4. The arcs are independent of each other, i.e., the failure or dormancy of one arc does

not affect the other arcs.
5. There is one and only one source node and terminal node.

Based on the above assumptions, the sortie mission network model of a shipborne
unmanned vehicle group is proposed as follows:

N =

[
P
Q

]
=

[
R

(
Xi Yi

)
T

Bj Vj Sj Fj

]
where

• N is the sortie mission network of the shipborne unmanned vehicle group;
• P is a node in the network;
• Q is an arc in the network;
• R is the source node, denoting the start stage of the sortie mission;
• T is the terminal node, denoting the end stage of the sortie mission;
• Xi denotes the information contained in the input arc of the i-th node in the network;
• Yi denotes the information contained in the output arc of the ith node in the network;
• Bj denotes the serial number of the j-th arc in the network;
• Vj denotes the vehicle number represented by the j-th arc in the network;
• Sj denotes the state of the j-th arc in the network;
• Fj denotes the normal working probability of the vehicle represented by the j-th arc in

the network.

The node set P consists of the source node R, the terminal node T and the base
nodes (Xi, Yi). Where there is one and only one R and T, the number of base nodes i
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is determined by the number of unmanned vehicles in the layout space and the space
constraint relationship.

The arc set Q consists of base arcs, each of which has its serial number Bj, state Sj
and the vehicle information Vj and Fj. The number of arcs j is determined by the number
of node sets P. The state of the arc Sj changes with the change of the space constraint
relationship of the vehicle carried by the arc. If and only if the vehicle meets the sortie
conditions and does not break down, the state of the arc is “working”; if the vehicle meets
the sortie conditions but breaks down, the state of the arc is “failed”; if the vehicle does not
meet the sortie conditions, the state of the arc is “dormant”.

There are mainly three kinds of space constraints to determine whether the shipborne
unmanned vehicle meets the sortie conditions: forward sortie, lateral sortie and backward
sortie. If the vehicle meets at least one of the above space constraints, the vehicle is
considered to meet the sortie condition.

Suppose that in the layout space, the center point of the exit is the coordinate origin,
the orientation of the exit is the X-axis; the direction of the exit is the Y-axis. Then,
Rt = Rectangle[a, b, c, d] denotes the planar rectangle vector, consisting of x = a, x = b,
y = c and y = d. For any shipborne unmanned vehicle, its center point is noted as

(
x0, y0

)
;

its length is L0; its width is W0. The width of the exit is noted as 2DW. The X-direction
maximum coordinate of the layout space is Xmax; the Y-direction minimum/maximum
coordinate is Ymin/Ymax. Then, the space constraints of the shipborne unmanned vehicle
sortie are as follows:

1.
{

Rt1 > Rt2 + Rt3

∀R(i) ∩ Rt1 = ∅

2. When ∀R(i) ∩ Rt3 = ∅, and


∀R(i) ∩ Rt5

±1 = ∅
|Rt3|>|Rt2|∣∣∣Rt5

±1
∣∣∣>∣∣∣Rt2

∣∣∣
3. When ∀R(i) ∩ Rt3 ̸= ∅, let Rt2 = Rt5

±1, and Rt2 ⇒ 1 ∨ 2

4.


|Rt4|>|Rt2|

∀R(i) ∩ Rt4 = ∅
Rt4 ⇒ 3

where

• Rt1 denotes the planar rectangle vector formed by the unmanned vehicle and the exit,
Rt1 = Rectangle[0, x0 + L0/2,−DW, DW];

• Rt2 denotes the planar rectangular vector represented by the currently calculated

unmanned vehicle itself, Rt2 = Rectangle
[
x0 − L0

2 , x0 +
L0
2 , y0 −

W0
2 , y0 +

W0
2

]
;

• Rt3 denotes the planar rectangular vector formed by the forward space of the un-

manned vehicle and the exit, Rt3 = Rectangle[0, x0 − L0
2 , min

{
−DW, y0 −

W0
2

}
,

max
{

DW, y0 +
W0
2

}
];

• Rt4 denotes the planar rectangular vector formed by the backward space of the un-
manned vehicle and the direction maximum coordinate of the layout space,
Rt4 = Rectangle

[
x0 + L0/2, Xmax, y0 − W0/2, y0 + W0/2

]
;

• Rt5
n denotes the planar rectangular vector represented by the unmanned vehicle itself

after moving n body lengths laterally, Rt5
n = Rectangle[x0 − L0

2 , x0 +
L0
2 ,

min
{

Ymin, y0 + (n − 0.5)W0
}

, max
{

Ymax, y0 + (n + 0.5)W0
}
];

• ∀R(i) denotes the vector of planar rectangles represented by any unmanned vehicle
numbered i except the currently calculated unmanned vehicle;

• |Rt| denotes the area of the current planar rectangular vector;
• ⇒ denotes that the planar rectangle in the left of the symbol meets the space constraints

in the right of the symbol.

The sortie mission network model construction process is as follows:
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• Step 1: Input information about the shipborne unmanned vehicle group.
• Step 2: Calculate the sortie mission sequence of a shipborne unmanned vehicle based

on space constraints.
• Step 3: Map the sortie mission sequence to network nodes.
• Step 4: Connect two nodes if the output information of one node matches the input

information of another, creating an arc.
• Step 5: Map the shipborne unmanned vehicle information onto the arcs.
• Step 6: Determine the state of the arc based on the calculations from Step 1 and the

vehicle information it represents.
• Step 7: Output the sortie mission network model.

The flowchart for constructing the sortie mission network model of the shipborne
unmanned vehicle group is shown in Figure 2.
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vehicle group.

3. Calculation Method for Sortie Reliability

By constructing the sortie mission network of the shipborne unmanned vehicle group,
this paper converts the sortie sequence of shipborne unmanned vehicles into a stream of
network nodes or a set of arcs with the source node as the input and the terminal node as
the output. In this way, the sortie mission reliability problem of a shipborne unmanned
vehicle group is converted into a two-terminal network reliability problem.

In reliability diagram theory, the two-terminal network reliability is obtained by
calculating the connectivity probability between the source node and the terminal node.
To calculate the two-terminal network reliability of the network model constructed by the
reliability block diagram, the minimal path set method is usually used. However, for the
minimal path set, most of the minimal paths are not independent of each other and there
exists some same arcs as an intersection. This leads to the need for disjointing the minimal
path set when calculating the reliability of the two-terminal network [29].

This section is organized as follows: Firstly, it gives a basic description of the calcula-
tion method for sortie reliability. Secondly, it proposes a minimal path search algorithm
suitable for the sortie mission network of the shipborne unmanned vehicle group. Then, it
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disjoints the searched minimal path set. Finally, it proposes a calculation formula for the
sortie mission reliability of the shipborne unmanned vehicle group.

3.1. Basic Description

If two nodes are noted as P1 and P2, and P2 can be reached from P1 after a sequence
of arcs, then this sequence of arcs is a path from P1 to P2. If any arc is removed from the
sequence of arcs, the sequence of arcs will not be a path from P1 to P2, and the sequence of
arcs becomes a minimal path from P1 to P2. Additionally, the number of arcs is referred to
be the length of the arc sequence.

If two minimal paths are noted as W1 and W2, then W1 and W2 become equal-minimal
paths to each other when they have the same length and do not intersect exactly (i.e., the
arc sequences are not identical).

If w1, w2, . . . , wn are noted as the total arcs in a minimal path, W and C(wi) is the
probability that arc wi works, then the connectivity probability C(W) of the minimal path
W is the probability that all the arcs work, i.e.,

C(W) =
n

∏
i=1

C(wi) (1)

If W1, W2, . . . , Wm are noted as the total minimal paths between the source node and
the terminal node in the network, the two-terminal network reliability D is

D = C

{
m⋃

i=1

Wi

}
(2)

If W and U are two intersecting minimal paths, w1, w2 , . . . , wr are the events that the
arcs belonging to W but not to U can work properly; w1, w2, . . . , wr are the events that
these arcs break down, then

W + U = W + WU = W + W − UU = W + w1U + w1w2U + . . . + w1w2 . . . wrU (3)

According to Equation (3), Equation (2) can be expanded as

D = C
{

W1 + W1W2 + . . . + W1W2 . . . Wm−1Wm
}

= C{W1}+ C
{

W1W2
}
+ . . . + C

{
W1W2 . . . Wm−1Wm

} (4)

From the definition of the sortie mission reliability problem of the shipborne un-
manned vehicle group and the network model, it can be known that all the minimal paths in
the above network are of equal length and the length is the number of unmanned vehicles. If
L(W) is noted as the length of the minimal path W, and A is the number of unmanned vehi-
cles in the shipborne unmanned vehicle group, then L(W1) = L(W2) = . . . = L(Wm) = A.
Therefore, unlike other minimal path search algorithms for two-terminal networks, the
sortie mission network of a shipborne unmanned vehicle group requires a search algorithm
that can quickly search for the equal-length minimal path set whose length is A. When
designing the search algorithm, it is necessary to consider the need to sequence the searched
equal-length minimal paths according to their contributions to the sortie mission reliability
calculation so as to shorten the time for disjointing the equal-length minimal path set.

3.2. Equal-Length Minimal Path Search Algorithm

Graph-search algorithms like the depth-first search, breadth-first search, the Floyd
algorithm, the Dijkstra algorithm etc. are usually used in searching for minimal paths.
The core idea of the above algorithms is to travel all the nodes in the network through
node search, or to accelerate the search for important minimal paths by adding heuristic
information during the search process.
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Based on the analysis in the above section, it can be known that unlike the traditional
minimal path search, the sortie mission reliability problem of the shipborne unmanned
vehicle group requires searching for the equal-length minimal path set whose length is
the total number of unmanned vehicles. If only the above graph search algorithms are
used, not only will it find the minimal paths that do not meet the length condition, but also
occupy a lot of resources and increase the search time.

Therefore, the core idea of the equal-length minimal path search algorithm is as follows:
firstly, it searches for a minimal path that meets the length condition as an initial solution;
secondly, it searches for the new solution by using the parallel search algorithm based on
space partition; then, it uses the searched solution as a new initial solution to continue
searching; finally, it obtains the equal-length minimal path set.

3.2.1. Initial Solution Search

For the node i, there are Gi nodes that can be reached next, noted as
{

H1, . . . , HGi

}
.

G = (G1, . . . , Gn) is noted as the number of arcs away from the nodes 1, 2, . . . , n.
Z = (z(i, k)) is noted as the route matrix, where z(i, k) = Hk; i = 1, 2, . . . , n;
k = 1, 2, . . . , Gi. That is, the ith line of Z records the node number that node i can
reach in one step. In order to indicate that the next nodes of node i have been com-
pletely traveled and to distinguish the input nodes, it is necessary to add another element

z(i, Gi + 1) =
{
−1, i = R
0, i ̸= R

in each line of Z. At this time, Z is still the route matrix of the

network. Then, a function E on node P is defined with the initial value Ei =


1, i = R
−1, i = T

0, else
.

The function E works by changing its value to 1 when a node has been traveled. During
the process of searching for the minimal path, it can be used to determine whether the
following nodes repeat with the nodes that have already been traveled. Once E = −1, it
means that the output node T has been reached, i.e., a minimal path has been found.

Suppose one step travels to node j, z(j, k) is the label of the node to be traveled
thereafter. If z(j, k) = 0, it means that all branches after node j have been traveled. At this
point, it should be backward one node from j, i.e., explore further from a node in front of
j. If z(j, k) > 0 and E(z(j, k)) = 0, it means that the nodes are not repeated and have not
reached the output node T. If z(j, k) > 0 and E(z(j, k)) = −1, it means that a minimal path
has been found.

Once the length of the searched minimal path is A, it indicates that a minimal path
that meets the length condition has been found and the algorithm ends.

Therefore, the specific steps of the initial solution search algorithm are as follows:

• Step 1: Take the input node R as the starting node;
• Step 2: From the starting node, select the next reachable node p in sequence;
• Step 3: Determine whether the node p has been traveled. If yes, go to Step 2;
• Step 4: Determine whether the output node T has been reached. If not, take p as the

start node and go to Step 2;
• Step 5: Determine whether the length condition A is met. If not, step back and take

the last node as the start node. Then, go to Step 2;
• Step 6: The algorithm ends.

The flowchart for the initial solution search algorithm is shown in Figure 3.
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3.2.2. Parallel Search Based on Space Partition

The basic idea of the parallel search algorithm based on space partition is as follows:
firstly, the initial solution is partitioned into A segments of unit-length arcs, and the solution
space is partitioned into A parallel subspaces at the same time according to the position
of each segment; secondly, the new arcs are searched along the guiding direction of the
sub-objective function; thirdly, whether the search is legal or not is judged based on the
connecting relationship between the new arcs (if it is not legal, the searching direction will
be updated); finally, the above operations are repeated to obtain the new solution. For this
purpose, some necessary definitions and notations are introduced.

The initial solution searched is noted as IS. The ith solution searched is noted as IS(i).
The solution set of equal-length minimal paths is TS.

Definition 1. If the node Pi has an output arc and it directs to Pj, then Pi is the parent node of Pj
and Pj is the child node of Pi. Meanwhile, the set consisting of Pi is the parent set of Pj and the set
consisting of Pj is the child set of Pi.
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{
{Pi} = Sup

{
Pj
}{

Pj
}
= Sub{Pi}

(5)

Definition 2. Suppose there is an arc Q. The set of arcs that have the same input node as Q is
called the neighborhood of Q, noted as Nbh(Q).

Definition 3. Suppose there are arcs Qi and Qj. If the output node of Qi is the same as the
input node Qj, then the union set of and its neighborhood Nbh

(
Qj
)

is a subdomain of Qi, noting
Sub(Qi) = Qj ∪ Nbh

(
Qj
)
.

Definition 4. Suppose there are arcs Qi and Qj in IS and Qj ∈ Sub
(
Qj
)
; there are arcs Qi

′ and
Qj

′ in IS(1) and Qj
′ ∈ Sub

(
Qj

′). If Qj
′ ∈ Nbh

(
Qj

′), the movement from Qj to Qj
′ is translation;

if Qj
′ /∈ Nbh

(
Qj

′), the movement from Qj to Qj
′ is jump.

For any solution IS(i), a sub-objective function is needed to guide the arcs to translate
or jump during the search process, and a total objective function is needed to determine
whether the solution is legal or not (if not, the solution is discarded, and then the new
search continues). If SF is noted as the sub-objective function, then

SF = max{dis[Q|Q /∈ (IS|∀IS ∈ TS)]} (6)

If OF is noted as the total objective function, then

OF = max
{
∑ dis

[
Q
∣∣Q ∈ IS′ ∧ Q /∈ (IS|∀IS ∈ TS)

]}
(7)

During the search process, the searched arcs can be temporarily blocked to ensure that
the unsearched arcs are searched with priority. Meanwhile, the concepts of search lists,
blacklists, list lengths and unblocking criteria are introduced to prevent the subsequent
searches from falling into local optimization. Where the search list consists of the arc Q
and its neighborhood Nbh(Q), the black list is used to temporarily store the arcs that have
been searched; the list length is the number of arcs stored in the black list; the unblocking
criterion refers to releasing the first stored arc in the black list when the number of searches
on the arc Q in the initial solution is equal to the list length. When the solutions in the
solution set TS meet the given reliability calculation error, it is determined that the search
algorithm meets the termination condition, at which point the algorithm ends (the reliability
error calculation will be explained in Section 3.3).

Therefore, the specific steps of the parallel search algorithm based on space partition
are as follows:

• Step 1: Obtain the length L of the initial solution IS and divide IS into L segments. Let
x = 1, y = 0, z = 1.

• Step 2: If y = 0, translate in Nbh(Qx) to obtain Qx
′ with the guiding direction of SF; if

y = 1, jump in Sub(Qx) to obtain Qx
′ with the guiding direction of SF.

• Step 3: Add Qx
′ to the blacklist, updating the list length, judging the unlocking criteria,

and counting Qx
′ into IS(z).

• Step 4: If x = L, then let IS = IS(z) and go to Step 7; If x ̸= L, then x = x + 1 and y = 0.
• Step 5: Translate in Nbh(Qx) to obtain Qx

′ with the guiding direction of SF.
• Step 6: If Qx

′ ∈ Sub
(
Qx−1

′), go to Step 3; if Qx
′ /∈ Sub

(
Qx−1

′), let y = 1 and go to
Step 2;

• Step 7: If the algorithm termination condition is not met, the solution IS(z) is counted
in TS, updating SF and OF, letting z = z+ 1, and going back to Step 1. If the algorithm
termination condition is met, stop the search and output TS.

The TS obtained from the above steps is the equal-length minimal path set.
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The flowchart for the parallel search algorithm based on space partition is shown in
Figure 4.
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3.3. Disjoint Process

Knowing that TS = {IS}, the mission reliability of the shipborne unmanned vehicle
group is obtained from Equations (1) and (2) as

D = C

{
r⋃

i=1

IS

}
(8)

Based on Equations (3) and (4), Equation (8) can be transformed into
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D = C
(

IS(1)
)
+ C

(
IS(1)IS(2)

)
+ . . . + C

(
IS(1)IS(2) . . . IS(i−1)IS(i)

)
+ . . . + C

(
IS(1)IS(2) . . . IS(r−1)IS(r)

)
(9)

From Equation (3), for any C
(

IS(1) . . . IS(i−1)IS(i)
)

, IS(1) . . . IS(i−1) and IS(i) are inde-
pendent of each other. Thus, Equation (9) can be transformed into

D = C
(

IS(1)
)
+C

(
IS(1)

)
C
(

IS(2)
)
+ . . . +C

(
IS(1)IS(2) . . . IS(i−1)

)
C
(

IS(i)
)
+ . . . +C

(
IS(1)IS(2) . . . IS(r−1)

)
C
(

IS(r)
)

(10)

From the definition of the equal-length minimal path, it can be known that

C
(

IS(1)
)
= C

(
IS(2)

)
= . . . = C

(
IS(i)

)
= . . . = C

(
IS(r)

)
=

A

∏
i=1

NPi (11)

where NP denotes the probability that each shipborne unmanned vehicle works normally,
and NP = 1 − NP denotes the probability that each shipborne unmanned vehicle breaks
down. Therefore, Equation (10) can be simplified as

D =

(
A

∏
i=1

NPi

)[
1 + C

(
IS(1)IS(2)

)
+ . . . + C

(
IS(1)IS(2) . . . IS(i−1)

)
+ . . . + C

(
IS(1)IS(2) . . . IS(r−1)

)]
(12)

From Equation (3), it can be seen that in C
(

IS(1) . . . IS(i−1)
)

, due to NP = 1 − NP < 1,

as i increases, the order of magnitude of C
(

IS(1) . . . IS(i−1)
)

strictly decreases. This is
the reason for setting the total objective function in parallel search algorithms based on
space partition: to prioritize searching for arcs that contribute significantly to the reliability
calculation. Plus, the algorithm ends when the order of magnitude of the probability of the
searched arcs after disjointing Is less than three orders of the given reliability calculation
error.

Therefore, if noting
A
∏
i=1

NPi = C(IS) and C
(

IS(1)I.IS(r−1)
)
= C

(
r−1∨
i=1

IS(i)
)

, the calculation

formula for the sortie mission reliability of the shipborne unmanned vehicle group is

D = C(IS)×

1 +
r

∑
i=2

C

i−1∨
j=1

IS(j)

 (13)

4. Case Study

To demonstrate the feasibility and validity of the calculation method for the sortie
mission reliability of the shipborne unmanned vehicle group, this paper gives three typical
layout schemes of shipborne unmanned vehicles. Firstly, the sortie mission network model
is constructed by using the Visual Studio 2020 software and the C++ language. Secondly,
the sortie reliability calculation method is compiled, by which the sortie mission reliability
of the three layout schemes is calculated, respectively. Thirdly, the Monte Carlo simulation
proposed by Zhou Chen for the combat mission reliability problem is used to approximately
solve the sortie mission reliability problem of the above schemes. Finally, the calculation
results and calculation time of the two methods are compared.

4.1. Case Description

It is assumed that there exists a 65 m in length and 20 m in width transportation vessel
dock. The exit is located in the middle of the forward side of the chamber and it is 8 m in
width. The unmanned vehicles to be loaded are 10 m in length and 5 m in width. Before
the unmanned vehicles are loaded, three typical layout schemes are provided, which are

• Scheme 1: Load 12 unmanned vehicles, deployed loosely in the entire dock space;
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• Scheme 2: Load 12 unmanned vehicles, deployed compactly in front of the exits, only
5 m away from the exits;

• Scheme 3: Load 15 unmanned vehicles, deployed compactly in the entire dock space.

To provide decision support to the commander, the sortie mission reliability of the
three layout schemes needs to be calculated, respectively. The three layout schemes are
shown in Figures 5–7. In these figures, the white rectangle represents the transport ship
dock, the orange rectangle represents the exit located and the purple rectangle represents
the shipborne unmanned vehicle.
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The location coordinates of each vehicle are shown in Table 1.

Table 1. Layout positions of each scheme.

Number of the Vehicle Layout Scheme 1 Layout Scheme 2 Layout Scheme 3

1 (14, 6) (10, 6) (10, 6)
2 (28, 6) (22, 6) (22, 6)
3 (42, 6) (34, 6) (34, 6)
4 (56, 6) (46, 6) (46, 6)
5 (14, 0) (10, 0) (58, 6)
6 (28, 0) (22, 0) (10, 0)
7 (42, 0) (34, 0) (22, 0)
8 (56, 0) (46, 0) (34, 0)
9 (14, −6) (10, −6) (46, 0)
10 (28, −6) (22, −6) (58, 0)
11 (42, −6) (34, −6) (10, −6)
12 (56, −6) (46, −6) (22, −6)
13 null null (34, −6)
14 null null (46, −6)
15 null null (58, −6)

Note: The coordinate system is consistent with the space constraints described in Section 2.3.

4.2. Sortie Mission Reliability Analysis

Firstly, the three schemes are modeled according to the network model proposed in
Section 2.3. Then, the minimal path search algorithm proposed in Section 3.2 is used to
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search for the equal-length minimal path sets, TS1, TS2 and TS3. Finally, the sortie mission
reliability of each layout scheme is calculated according to the calculation formula for sortie
mission reliability of a shipborne unmanned vehicle group under different unmanned
vehicle failure rates. The specific sortie mission reliability data of the three schemes are
shown in the following Table 2.

Table 2. Sortie mission reliability of each scheme.

Failure Rate of the Vehicle Layout Scheme 1 Layout Scheme 2 Layout Scheme 3

1% 99.5871% 97.7577% 93.9984%
2% 98.6859% 95.3732% 88.0507%
3% 97.1586% 92.6583% 82.2438%
4% 95.2195% 89.7862% 76.6372%
5% 92.9132% 86.7706% 71.2638%
6% 90.3507% 83.6800% 66.1517%
7% 87.4923% 80.4499% 61.3124%
8% 84.4215% 77.1372% 56.7483%
9% 81.2647% 73.8334% 52.4601%
10% 77.9176% 70.4365% 48.4350%
20% 43.9068% 38.5081% 26.4797%
30% 18.1996% 16.0103% 11.0093%
40% 5.3396% 4.8442% 3.3311%
50% 1.1291% 1.0662% 0.7332%
60% 0.1554% 0.1515% 0.1042%

The curve graphs based on the data in the above table are shown in Figures 8–11.
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From the curves in Figures 8 and 9, it can be seen that when the number of unmanned
vehicles is the same, the sortie mission reliability of the loose layout scheme is higher
than that of the compact layout scheme; when the layout scheme is the same, the more
unmanned vehicles there are, the lower the sortie mission reliability is.

Meanwhile, from the curves in Figures 10 and 11, it can be seen that improving the
layout scheme can increase the sortie reliability of the shipborne unmanned vehicle group,
but this improvement is not constant—it increases first and then decreases. This indicates
that when the failure rate of an unmanned vehicle is low, the sortie reliability can be
increased by improving the arrangement method; when the failure rate of an unmanned
vehicle is high, it is still necessary to prioritize the maintenance of the vehicle to ensure the
sortie reliability of the vehicle group.

4.3. Method Comparison

To verify the scientific validity and effectiveness of the proposed method, the Monte
Carlo method is used to simulate the above three typical cases in the same calculating
environment to obtain the approximate solution for sortie mission reliability. The solving
process of the Monte Carlo method is as follows: Firstly, the mission network is constructed.
Secondly, the state of the network is randomly sampled (mainly sampling the state of arcs
in the network). Thirdly, the connectivity of the numerous mission networks obtained by
the sampling lock is judged. Finally, the percentage of connected networks in all samples is
counted, and the connectivity probability is the approximate solution for the sortie mission
reliability of the shipborne unmanned vehicle group.
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The approximate solutions for sortie mission reliability obtained by the above process
are shown in Table 3.

Table 3. Approximate solutions for the sortie mission reliability of each scheme.

Failure Rate of the Vehicle Layout Scheme 1 Layout Scheme 2 Layout Scheme 3

1% 99.5738% 97.7923% 93.9796%
2% 98.6821% 95.2994% 88.0518%
3% 97.2421% 92.5787% 82.2843%
4% 95.1590% 89.8472% 76.6677%
5% 92.9446% 86.7791% 71.2590%
6% 90.3064% 83.7451% 66.1393%
7% 87.5227% 80.5267% 61.3393%
8% 84.4428% 77.1436% 56.7633%
9% 81.2097% 73.7927% 52.4160%
10% 77.8557% 70.4870% 48.4748%
20% 43.9088% 38.5260% 26.4560%
30% 18.2036% 16.0035% 11.0011%
40% 5.3358% 4.8440% 3.3287%
50% 1.1287% 1.0667% 0.7338%
60% 0.1552% 0.1514% 0.1041%

The average calculation time of the two methods is shown in Table 4.

Table 4. Calculation time comparison.

Layout Scheme 1 Layout Scheme 2 Layout Scheme 3

Exact analytic method 0.5738 s 0.4269 s 0.6531 s
Approximate simulated method 1.2567 s 1.2173 s 1.7172 s

From Tables 2 and 3, it can be seen that the calculation results of the method proposed
in this paper are nearly identical with the results of the Monte Carlo method, and the
average error is 5.01× 10−5. The former is an exact solution and the latter is an approximate
solution. The two calculation results prove each other, indicating the scientific validity and
effectiveness of the proposed method. From Table 4, it can be seen that the exact analytical
method proposed in this paper has better calculating performance.

5. Discussion

In this study, an innovative calculation method for the sortie mission reliability of a
shipborne unmanned vehicle group is proposed. This method meticulously constructs a
network model of the sortie mission based on the layout and sortie characteristics of the
unmanned vehicle group. By employing an efficient shortest path search algorithm, we
swiftly calculate the sortie mission reliability. The calculation formulae for sortie mission
reliability of a shipborne unmanned vehicle group have been pioneered, and the scientific
validity and practicality of this method have been verified through detailed computational
analysis of three typical cases.

In previous studies, there has been little focus on specific methods for calculating
the sortie mission reliability of a shipborne unmanned group. This research fills this gap,
providing crucial assurance for the operational efficiency and safety of an unmanned
group in real missions. Through pre-mission reliability calculations, potential risk factors
can be identified and eliminated in advance, significantly reducing the probability of
mission failure and thereby minimizing the economic losses associated with failure. This
advancement not only conserves costs in both military and industrial sectors, but also
enhances resource utilization efficiency, promoting the long-term sustainable development
of unmanned system technology.
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Although this method primarily focuses on a shipborne unmanned vehicle group, its
core theories and methodologies are equally applicable to scenarios involving multiple
vehicles and multiple missions within confined spaces. For example, fields such as emer-
gency rescue, industrial automation and space exploration can all benefit from the methods
proposed in this study, improving the coordination and cooperation among devices and
thereby enhancing the overall reliability of missions. Additionally, our method is scalable
and can be applied to reliability calculations for a larger group of vehicle, providing robust
theoretical support for mission execution in similar real-world scenarios.

Despite the fact that our method demonstrates exceptional performance in multiple
cases, there is still room for improvement. For instance, in our model assumptions, we
assume that nodes do not fail, and that arcs are relatively independent. We consider the
assumption of node reliability to be feasible within a reasonable scope. However, if nodes
within the network are also subject to failure, we can first determine all the minimal paths
under the assumption of complete node reliability, and then account for all nodes traversed
by each minimal path. In this way, a minimal path’s success means that all the arcs and
nodes it comprises are operational. Therefore, our method remains applicable.

Regarding the assumption of relative independence among arcs, it does present some
limitations. As foundational research, we primarily focus on the overall sortie mission
reliability of the shipborne unmanned vehicle, without delving deeply into the impact of
individual vehicle failures on other vehicles. In future research, we will further consider
this issue and develop a more comprehensive reliability calculation model.

6. Conclusions

To bridge the gap in the research on sortie mission reliability of an shipborne un-
manned vehicle group, this paper has constructed a sortie mission network model based
on the layout characteristics and sortie features, transforming the reliability problem into a
two-terminal network reliability issue. However, specific challenges have been encountered
in this process, including how to efficiently search for equal-length shortest paths and how
to address the reliability issues associated with these paths.

In response to the complexity of equal-length minimal path searches, a parallel search
algorithm for an equal-length minimal path set has been designed and implemented. This
algorithm effectively reduces the search space using spatial partitioning techniques, thereby
enhancing computational efficiency. To address the correlation among sets of equal-length
minimal path, the principle of disjoint path sets has been referenced and extended, resulting
in an innovative approach.

The method proposed in this paper, as well as the Monte Carlo method, were used to
calculate and analyze three typical cases. By comparing the results of the two methods, the
scientific, fast and effective nature of our method was verified. The research results indicate
that the method proposed in this paper can provide accurate quantitative indicators for the
decision-making of the layout of a shipborne unmanned vehicle group. This study has laid
a foundation for future research, which can be expanded and applied in various aspects.
For example, the reliability calculation model has been further optimized to improve
the accuracy and speed of calculation, or artificial intelligence and big data technologies
have been combined for smarter scheduling and management of shipborne unmanned
vehicle groups.
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