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Abstract: This paper focuses on optimizing the deployment plan for standby points of professional
rescue vessels based on the data of maritime incidents in the Beihai area of China. The primary
objective is to achieve multi-level and multiple coverage of the jurisdictional waters of the Beihai
Rescue Bureau. Models including the coverage quality of the jurisdictional waters, the coverage
quality in high-risk areas, the maximum coverage of jurisdictional areas, and the maximum coverage
of high-risk areas are constructed and solved using 0-1 integer programming. The optimal plan for
eight standby points and their corresponding deployment plans for rescue vessels are obtained. A
comparison with the current site selection plan of the Beihai Rescue Bureau validates the superiority
of the proposed deployment plan for rescue vessel standby points in this paper.

Keywords: rescue vessel; standby point; 0-1 integer programming; site selection

1. Introduction

In recent years, there have been numerous maritime emergencies where rescue opera-
tions failed due to delays of rescue vessels in reaching the locations of incidents promptly,
which can be attributed to the distant positioning of standby points for rescue vessels. How
to reach the maritime scene for search and rescue (SAR) as soon as possible has been a
hot research topic for experts and scholars. The scientific allocation and deployment of
rescue vessels, as well as optimizing the selection of standby points, are key to solving
this problem. Rational allocation of maritime rescue forces can improve the efficiency and
success rate of rescue operations. The scientific selection of emergency standby points is
particularly important as it enhances the capability of the maritime emergency response,
reduces rescue distances, and minimizes rescue time. Currently, research on emergency
location models mainly focuses on the selection of emergency standby points for land-based
emergency operations. Studies on the selection of maritime rescue vessel locations are still
primarily in the theoretical research stage, lacking quantitative vessel location models.

The research on emergency resource location problems originated with Hakimi’s p-
median problem proposed in 1964 [1,2]. This problem emphasizes the collective welfare
of the final outcome, with the main objective being to select the locations of p facilities to
achieve optimal overall or average performance [3]. Hakimi then proposed the p-center
problem, which optimizes the chosen locations of p facilities for the worst-case scenario [4].
This approach has been widely applied in hospitals, the military, and service industries.
In 1983, Shier and Dearing introduced the absolute center problem for the location of a
single resource supply point [5]. The core of this type of location optimization problem is to
find the absolute center point in the network, which is the point with the shortest distance
to all other nodes. Ogryczak proposed a bi-objective model for the emergency service
facility location problem [6]. This method simultaneously considers the median objective
function and the center objective function, and can transform it into a single-objective
model with parameter A as the center point. Wang et al. established a mathematical model
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for optimizing the location of rescue centers [7], taking into account the probability of
disaster occurrence, the spread function of the disaster, and the rescue function. Alinaghian
et al. constructed a model for temporary rescue center location and a dynamic helicopter
routing model for distributing essential supplies [8]. Compared to traditional static routing,
dynamic routing resulted in less total allocation time. These algorithms are effective in
solving the problems of finding the absolute centers and determining a single supply point.
However, it is not suitable for solving problems involving multiple supply points, such as
the deployment of standby points for search and rescue vessels.

Zero-one programming is applicable for solving problems involving multiple integer
variables and where the variables have logical relationships of being either present or
absent. It is also effective for optimizing the selection of multiple supply points. Chen et al.
identified three key objectives in the multi-objective decision-making process for emergency
system location selection [9]. Firstly, the distance or weighted distance between emergency
rescue facility service points and demand points should be minimized. Secondly, emergency
rescue facilities should have excess coverage, and the total weight value of the excess
coverage area should be maximized. Lastly, the total weighted distance between emergency
rescue facility service points and demand points should be minimized. Lai et al. constructed
an optimization model for dual-objective emergency logistics center location, considering
the emergency material demand at the disaster site, transportation costs, and time as
discrete sets, and obtained optimal location solutions [10]. Moreno et al. explored the
problem of heterogeneous fleets for road repair and rescue path planning, which had been
overlooked in existing research [11]. Wu et al. proposed the concept of rescue zones for
tourist attractions [12]. For each waypoint rescue zone within a tourist attraction, the
effectiveness was calculated based on linear rewards. The rescue status and rescue areas
of the tourist attraction rescue zones were determined based on the rewards of all rescue
zones. Taking into account the reliability of the facility system, Nahavandi established an
emergency logistics location-routing model to maximize the reliability of the facility system
and ensure that the emergency logistics system can respond to demands even when certain
facilities are unable to operate [13]. In the scenario where multiple suppliers provide goods,
Khanchehzarrin considered the risk of the goods and developed a multi-objective bi-level
model for the emergency logistics location-routing problem [14]. The study confirmed
that when goods with higher risk and priority are provided, the efficiency of emergency
logistics will be improved. Eliiyi established an emergency logistics location-routing model
with the objective of minimizing response time and maximizing coverage [15].

There are several other models and algorithms designed to address resource allocation
and site selection problems. Beiki developed a multi-objective mixed integer model for
the location-path problem of medical relief during a disaster [16], with the objectives of
minimizing response time, minimizing operational costs, and maximizing the reliability
of the transportation network. The variable neighborhood search heuristic algorithm has
been utilized to solve the central problem model for emergency warehouse location, taking
into account constraints such as economic conditions, traffic conditions, and population
distribution [17]. The parameters associated with the dynamic facility location vary over
time. The tabu search algorithm is used to solve the site selection and path decision prob-
lems for disaster assessment [18]. The effectiveness of this method has been validated with
earthquake cases. The ant colony algorithm is used to optimize the disaster vehicle delivery
path, considering vehicle allocation and dynamic demand, including vehicle capacity, time
to reach the distribution center, and time to reach the disaster area [19]. Scholars have
also studied the problem of uncertain post-disaster emergency logistics routing, which
can be handled using stochastic optimization and robust optimization methods. Sun et al.
proposed a new emergency logistics location-path optimization model, which addresses
uncertain demands using relative robust optimization and estimates equipment failure
risks using genetic algorithms [20]. For post-disaster emergency blood supply, a multi-
objective robust optimization model is used to solve the location selection of field hospitals
and blood transportation path planning problems [21]. Search algorithms and ant colony



J. Mar. Sci. Eng. 2024, 12, 497

30f15

algorithms are well suited for scenarios where there are relationships between variables
and where search elements can be inputted into a search engine. However, they may not
be the best choice for problems like the deployment of maritime rescue vessels involving
multiple variables that are independent of each other. Robust algorithms are a less efficient
choice compared with 0-1 programming.

In recent years, deep learning models [22] and geographic information systems (GISs)
have also been used to predict the geographical coordinates of past merchant ships and al-
ternative islands [23-25]. By employing the K-means clustering algorithm, they determined
the positions of dynamic work points for establishing SAR bases at sea. A multi-objective
plant growth simulation algorithm was designed to obtain optimal solutions that com-
prehensively consider the positions of dynamic SAR work points, the configurations of
SAR vessels, and the locations of SAR bases. Wang et al. took China’s Nansha Islands and
reefs as an example and established a bi-objective optimization model [26]. By applying
an improved non-dominated sorting genetic algorithm II (NSGA-II) with adaptive-scaling
crowding distance and adaptive elitism preservation strategy, they obtained ship rescue
base location solutions.

The Beihai area, with high maritime traffic density and complex sea conditions, faces
severe maritime safety challenges. The scientific allocation and deployment of rescue
vessels, as well as the selection of standby points, are crucial for improving search and
rescue success rates and reducing casualties. This is the problem that this study aims
to address.

2. Data

The deployment of rescue vessels in the Beihai area is managed by the Beihai Rescue
Bureau. Currently, there is a total of 25 dynamic standby points of rescue vessels established
in the jurisdictional waters [27]. The specific distribution of these standby points is shown
in Table 1.

Table 1. The distribution of rescue vessel standby points of Beihai Rescue Bureau.

No. Standby Position Deployed Rescue Vessels Remarks

Beihai No. 1 .

1 (38°35' N/121°48' E) 8000 kW and above Key standby point

2 South Huangcheng Island

3 Bohai Strait Long Island 6000 kW and above Key standby point

Depending on Temporary
4 Longkou the actual situation standby point
. Depending on .

> Dongying the actual situation Key standby point
Beihai No. 3 ;

6 (39°10' N/120°15' E) 8000 kW and above Key standby point

7 Qinhuangdao Jingtang Port

8 Anchorage Outside The Harbor

9 Base

10 Oceanic Island

Dandong

11 Anchorage Outside The Harbor

12 Dasanshan Island

13 Dalian Dalian Port Anchorage 8000 kW and above

14 Base High-speed rescue ship Mobile

standby point
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Table 1. Cont.

No. Standby Position Deployed Rescue Vessels Remarks
15 Yantai Yantai Port Anchorage 8000 kW and above Key standby point
Beihai No. 2 (Caofeidian) .
16 (38°50' N/118°25' E) 8000 kW and above Key standby point
17 Tanjin Dagukou Port Anchorage
18 Base High-speed rescue ship
Beihai No. 4 .
19 (About 15 nautical miles southeast of Shidao) 8000 kW and above Key standby point
20 Rongcheng Shidao Port High-speed rescue ship
21 Base High-speed rescue ship
22 Qingdao Port Anchorage 8000 kW and above Key standby point
23 Chaolian Island
24 Qingdao Hui Island
. Depending on the Temporary
25 Rizhao actual situation standby point
The Beihai Rescue Bureau currently has a total of 12 professional rescue vessels [28].
In coastal waters, shipwreck incidents are extremely uncommon. The more frequent
emergency situations involve the rescue of injured crew members from fishing boats.
Therefore, these rescue vessels are classified into three categories, large, medium, and small,
based on their speed and endurance for the purpose of personnel rescue, as shown in
Tables 2 and 3.
Table 2. Data of existing rescue vessels.
No Ship Total Full Engine Speed Wind Endurance R(efiﬂzljfl;r;?e
° Name Length(m) Displacement (t) Power (kW)  (Knots) Resistance (n.m.)
to Departure)
1 101 117 6614 14,400 22 12 10,000
2 111 98 4891 9000 20 12 10,000
3 112 98 4896 9000 20 12 10,000
4 113 99 5143 9000 20 12 10,000
5 115 99 5127 9000 20 12 10,000 30 min
6 116 99 5198 9000 20 12 10,000 (40 min in winter)
7 117 98.5 5748 9000 17.3 12 10,000
8 118 99 5748 9000 17.3 12 14,000
9 119 99 5748 9000 17.3 12 14,000
10 131 77 3211 6720 18 12 5000
11 201 499 250 4480 32.5 6 500 20 min
12 203 499 278 5120 325 6 700 (30 min in winter)
Table 3. Classification of the professional rescue vessels.
. Speed Endurance
Ship Type (Knots) (nm) Features
large 20 10,000 Advantages: high power, large towing force, strong wind resistance.
medium 173 5000 and 14,000  Disadvantages: Long reaction time, poor maneuverability, and slow ship speed.
small 05 500 Advantages: Fast, short reaction time. Disadvantages: Poor wind resistance,

inability to sail in adverse weather, and poor endurance.
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The typical response time for professional rescue vessels from receiving an alarm to
departure, as managed by the Beihai Rescue Bureau, is usually 30 min (40 min during
winter). However, due to their smaller size, Beihai Rescue 201 and 203 have a response
time of 20 min (30 min during winter).

The North Sea area has been gridified, and the locations of incidents and existing
rescue forces in the North Sea are marked on the nautical chart with icons of triangle and
ship, respectively, as shown in Figure 1. According to the data provided by the Beihai
Rescue Bureau, high-risk areas in the North Sea are depicted in Figure 2, with red grid
areas representing high-risk zones.

Figure 1. The distribution of the incidents points (triangles) and existing rescue forces (ships) in the
Beihai area.

=

s

Figure 2. Positions of high-risk areas (red grids).
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It can be found from Figure 1 that the incidents cover the entire North Sea area,
mainly concentrated in four areas: Tianjin, Qinhuangdao, the Liishun-to-Penglai line, and
Rongcheng. The existing rescue forces of the Beihai Rescue Bureau are mainly deployed in
these four areas.

The large rescue vessels have a cruising speed of 20 knots and a range of 10,000 nautical
miles. The medium-sized rescue vessels, divided into two types, have a cruising speed of
17.3 knots and ranges of 5000 nautical miles and 14,000 nautical miles, respectively. The
small rescue vessels have a cruising speed of 32.5 knots and a range of 500 nautical miles.
Considering that it takes some time for the vessels to reach the rescue location and return,
the coverage radius should not exceed one-third of the range. Here, it should be ensured
that the vessels can arrive within 6 h, which includes the response time (from receiving
the alert to departure, considering the longest response time in winter). The calculated
coverage radii are shown in Table 4.

Table 4. Coverage radii of rescue vessels.

. Coverage Radius Coverage Radius
Ship Type Speed (Knots) (Nautical Miles) (km)
Large rescue ship 20 106.67 203.72
Medium rescue ship 17.3 92.27 176.22
Small rescue ship 32.5 178.75 331.05

3. The Construction of the Deployment Model

Taking into account the advantages and disadvantages of the existing land site selec-
tion models, the ratio of the difference between the coverage radius of the rescue vessel
and the distance to the incident location divided by the coverage radius of the rescue
vessel is used as a measure of coverage quality. This approach ensures the maximum
coverage quality for general areas while also maximizing coverage quality for high-risk
areas. Based on the principles of “multi-source services” and “multi-layered coverage”,
the model emphasizes different service qualities of rescue forces at different levels and
multiple quantity coverage at the same location. A multi-level and multi-layered coverage
site selection model is proposed to improve the efficiency of emergency rescue.

3.1. Zero—One Construction of the Integer Programming Coverage Model

The location problem in this paper will be solved by using the 0-1 integer program-
ming model. Considering different levels of rescue forces participating in accident response,
the coverage situation is determined based on the distance between the emergency incident
location and the standby points of the rescue forces. Each incident location can be served
by different rescue standby points, providing varying levels of coverage. The expression is
shown in Equation (1).

0, Dijp > Dpu

Cijp = Dpu=Dijp 1y
Dy ijp

<Dy M)

JELPEP

In this case, Dy, represents the maximum effective coverage radius of standby point P,
and the coverage quality Cj;, is defined based on the linear distance (Djjp) between incident
point I and the rescue standby point (P)). If Djj, < Dpy, it indicates that incident point I
is within the coverage capability of the multi-level rescue force. Cjj, is a partial-coverage
degree function that decreases linearly with the increase in the distance between the rescue
standby point and the incident point. Cj;, = 0 represents that the incident point is not
covered by the standby point, and 0 < Cjj, < 1 represents that the incident point is within
the effective coverage capability. When selecting the location for maritime professional
rescue vessels, the first priority is to ensure that the vessels can provide maximum coverage
for the jurisdictional waters.
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For accident point i, i € I (i belongs to the accident point set I, taking i = 1, 2, 3,
..., 143, a total of 143 accident points), introducing the decision variable g;, as shown in
Formulas (2) and (3):

| 1, the high-risk water area is covered. )
Y71 0, not covered.
that is
1, Dijp < Dpu
8i = ©)
0, Dijp > Dpu

Then, the following set coverage problem can be established to ensure that the selected
standby points can cover the accident water area in the jurisdiction to the maximum extent,
with Formula (4):

maxz i (4)
iel

Zijps Xjps Ujp, dp, and Yijp are 0-1 decision variables in the maritime danger scenario.
When the rescue resource reserve point (P)) is selected, xj, = 1; otherwise, it is 0. When
accident point 7 is covered by rescue force Py, ujp=1; otherwise, it is 0. If rescue force p;
participates in the rescue, then dj, = 1; otherwise, it is 0. When rescue force reserve point P;
has the ability to serve accident point i, y;j, = 1 and z;, = 1; otherwise, they are 0. In the
high-risk water area (im) within the jurisdiction (belonging to the accident point set, I), the
rescue forces at all standby points should be able to cover the high-risk water area (1) to
the maximum extent possible; D, is the distance between the high-risk accident point
(m) and the rescue reserve point, P;. D, < Dpy indicates that the high-risk accident point
(m) is within the coverage capacity of multi-level rescue forces; Cy;j, = 0 indicates that the
accident point (m) is not covered by the reserve point, and 0 < Cy, <1 indicates that the
accident point (m) is within the effective coverage capacity range. Formulas (5) and (6)
introduce variable g,.

1, ijp < Dpu

&m = { ®)
0, ijp > Dpu

maxz Qm (6)

mel

The expression for the coverage quality (Cy,) of high-risk water areas is shown in
Formulas (7) and (8):

0, Diwjp > Dyu

Chip = Dpu—Dp; 7
e ) Z pru jp/ Dm]p < Dpu ( )
jelpeP
max Z Cmjp 8)
mel,je],peP

The quality model of coverage in the jurisdiction is as follows:

max Z dpCijpzijp 9)
i€l je],peP
st. Y xj, = Np;VpeP (10)
j€l
ZijPSij;ViEI,VjEI,VPEP (11)
Xjp <dp;Vje ], VpeP (12)

ujp, <dpVieLLVp e P (13)
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Zijps Xjps Mjp/dp/yijp S {0,1},’Vi S I,Vj € ],Vp epP (14)

Among them, the objective function (8) represents high-risk water areas, and the
rescue force is the most effective coverage. The objective function (9) represents the most
effective coverage of rescue force P; in multiple rescue modes with cross-regional maritime
hazard response levels. The constraint condition (10) indicates the number (Nj) of reserve
points (P;) participating in the response. In constraint (11), the premise for the accident
site to receive rescue resource services is that the rescue reserve point is selected. The
constraint conditions (12) and (13), respectively, indicate that only when the rescue force
(P)) is determined to participate in the rescue can P; be selected to serve the accident
point. The constraint condition (14) guarantees that z;,, x;,, 1, dp, and y;;, are 0-1 integer
decision variables.

3.2. Algorithm Design of 0-1 Integer Programming Coverage Model

There are multiple variables in this model, including a total of 25 standby points and
three types of rescue vessels. After determining the standby points, the rescue vessels need
to be allocated. It is evident that such a large number of variables cannot be solved directly.
In the model, there is only one small rescue vessel with a speed of 32.5 knots, while the
speed difference between the medium-sized rescue vessel (17.3 knots) and the large-sized
rescue vessel (20 knots) is minimal. Therefore, we can initially assume that all rescue vessels
are medium-sized rescue vessels with a speed of 17.3 knots, select the locations, and then
adjust the types of vessels accordingly.

The most prioritized condition in the model is to maximize the coverage of the accident
area and strive to eliminate blind spots. Therefore, the first step is to solve Equation (4) in
order to achieve this objective.

Next, it is crucial to ensure maximum coverage of high-risk water areas and achieve
the highest coverage quality. This involves solving Equations (6), (8), and (9) in order to
obtain the optimal results.

In this paper, the optimal solution is obtained by using the intlinprog function in
MATLAB, and the function prototype is show in Equation (15):

[x, fval, exitflag]= intlinprog (f, intcon, A, b, Aeg, beg, Ib, ub) (15)

where A and b are coefficient matrices, Aeq and beq are the matrix of coefficients and the
column vector of the right-hand side values for those constraints, /b and ub are the lower
and upper bounds of the variables, the return value x is the solution vector that minimizes
or maximizes the objective function, and fval is the value of the objective function at the
solution (x). Among them, exitflag is an integer indicating the termination condition of the
algorithm, and intcon is a vector specifying the indices of the variables.

4. Case Analysis of Deployment in the North Sea Area (Results)
4.1. Existing Standby Positions of Rescue Vessels in the North Sea Area

The Beihai Rescue Bureau of China selected 15 locations out of the 25 candidate
standby positions in Beihai based on actual operational conditions and the status of rescue
vessels. The actual positions and their level of importance are listed in Table 3.

The Beihai Rescue Bureau of China plans to select eight standby points within its
jurisdictional waters. Therefore, this article will utilize the 0-1 integer programming model
constructed in the previous section to select eight points from the twenty-five candidate
standby locations, and assign the corresponding rescue vessels to these eight points.

4.2. Numerical Simulation Analysis of Professional Rescue Ships in the North Sea Area

MAPGIS was used to convert the geographic coordinates of the risk points under the
jurisdiction of the Beihai Rescue Bureau of China to the Cartesian coordinates, as shown in
Figure 3.
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Figure 3. Risk points in the Cartesian coordinate system.

From Figure 3, it can be found that the risk points almost cover every unit position in
the area under the jurisdiction of the Beihai Rescue Bureau. The blank area in Figure 3 is
the land, involving the Bohai Sea Coast, Liaodong Peninsula, and Shandong Peninsula.
The geographic coordinates of high-risk points were also converted into the geodetic
coordinates by using MAPGIS. The points with high risk are marked with red circles in

Figure 4.
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Figure 4. The units of high-risk points in the Cartesian coordinate system.
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The geographic coordinates of 25 standby points for professional rescue vessels were

converted into Cartesian coordinates. These standby points are marked in the map with
stars, as shown in Figures 5-8.

S A risk points
m% 45 - PSRRI N QO high-risk points
I o4 A ,,A 4 ¥ standby points of large vessels
A @ AN AfA A 4 coverage of large vessels
44 -1 5 A A A A A A A A
. N
I A A A A& MDA S BA LSS
¥ A A A
43 A@(@A a8 A@A@A..Am NN
] A A A A A A @ @ @ sas ‘""\‘A
A A a s & &OW -
42- R
1 i & S a Aua s a a8
- ’,." ," PR A
41 4 e SxTA :: @ a8
| ®® - - °
4 N aa @ A A A
40 - sk N A 4 & A
) h a a & 84 ,
1 A A A AA A AL A
39 - N -
—rT 1T
5 6 7 8 9 10 11 12
x10°m
Figure 5. The coverage of the large rescue vessels in the high-risk area in the Cartesian coordinate system
= A risk points
“"%45 _ | O high-risk points
- ¥ standby points of medium vessels
coverage of medium vessels
44
# standby points of small vessels
| Y coverage of small vessels
43 -
42 -
41 -
40 -
39
5 12
x10°m

Figure 6. The coverage of the medium and small rescue vessels in the high-risk area in the Cartesian
coordinate system.
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Figure 7. The coverage of the high-risk areas based on the results of the integer programming,.
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Figure 8. The coverage of the existing plan in the high-risk area of Beihai Rescue Bureau.

The first thing to ensure is that the standby point of the rescue vessels can cover all
the waters within the jurisdiction. To satisfy this requirement, there must be at least one
standby point in each of the five regions: Qinhuangdao, Tianjin, Rongcheng, Qingdao, and
Dandong. The five standby points are shown in Table 5.

The remaining three standby points will be selected from the remaining twenty-one
candidate points. The main consideration for site selection is based on the maximum
coverage of jurisdictional areas and the maximum coverage of the high-risk area models.
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Table 5. Positions of standby points with high risk level.

No. Geographic Coordinates

10 Oceanic Island (39°3.93' N/123°10.38' E)

16 Beihai No. 2 (Caofeidian) (38°50’ N/118°25’ E)

19 Beihai No. 4 (About 15 nautical miles southeast of Shidao) (36°42.8' N/122°35.3' E)
22 Qingdao Port Anchorage (36°2.69' N/120°27.44' E)

6 Beihai No. 3 (39°10’ N/120°15’ E)

According to the previous assumption that all rescue vessels are medium rescue
vessels with a speed of 17.3 knots, the optimal solutions for Formulas (7), (9) and (10) were
obtained using the intlinprog function in MATLAB. Eight optimal points were selected, as
shown in Table 6.

Table 6. Selection of standby points based on the calculation results.

No. Standby Points Cartesian Coordinates
4 Longkou (37°40.76' N/120°15.89" E) (788,032.144, 4,176,939.38)
6 Beihai No. 3 (39°10' N/120°15' E) (780,905.029, 4,342,043.581)
10 Oceanic Island (39°3.93' N/123°10.38' E) (1,034,469.749, 4,343,967.765)
14 Base (38°48.05' N/121°14.57' E) (868,637.853, 4,304,957.123)
15 Yantai Port Anchorage (37°40.31' N/121°29.96' E) (897,055.492, 4,180,627.022)
16 Beihai No. 2 (Caofeidian) (38°50’ N/118°25' E) (623,010.888, 4,300,957.382)
Beihai No. 4
19 (About 15 nautical miles southeast of Shidao) (999,515.532, 4,079,289.45)
(36°42.8' N/122°35.3' E)
22 Qingdao Port Anchorage (36°2.69' N/120°27.44' E) (811,598.577, 3,996,042.447)

According to the data from the Beihai Rescue Bureau [28], a total of twelve vessels
are used for maritime search and rescue and material supply, including six large rescue
ships, four medium-sized rescue ships, and two small rescue ships. Based on this ratio,
four large rescue ships, three medium rescue ships, and two small rescue ship are selected
and allocated to the eight standby points. Then, using the intlinprog function in MATLAB,
the rescue force allocation is re-calculated based on Formulas (6), (8), and (9). The results
are shown in Table 7. The coverage range of large rescue vessels is shown in Figure 5.

Table 7. Suggested deployment of the professional rescue vessels.

No. Standby Points Deployed Rescue Vessels

4 Longkou (37°40.76' N/120°15.89" E) Medium

6 Beihai No. 3 (39°10’ N/120°15’ E) Medium

10 Oceanic Island (39°3.93' N/123°10.38' E) Large

14 Base (38°48.05' N/121°14.57' E) Medium

15 Yantai Port Anchorage (37°40.31’ N/121°29.96' E) (Mobile sstZEi:llLy point)
16 Beihai No. 2 (Caofeidian) (38°50’ N /118°25’ E) Large

19 Beihai No. 4 (About 15 nautical miles southeast of Shidao) Laree

(36°42.8' N /122°35.3' E) 8
22 Qingdao Port Anchorage (36°2.69' N/120°27.44' E) Large

From Figure 5, it can be seen that large rescue vessels can cover almost all of the
accident points within the water area, and they can arrive at the scene within 6 h (including
alarm response time) for search and rescue operations.

Medium rescue ships primarily cover the Bohai Sea area and high-risk accident-prone
areas. Small rescue ships are highly flexible, fast, and capable of reaching various water
areas in their jurisdiction within 6 h, making them suitable as mobile standby points.
However, in the event of severe weather conditions, small rescue ships are unable to sail
due to their poor wind resistance.
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According to the above rules of allocation, it can be ensured that rescue vessels will
arrive at all accident water areas in their jurisdiction within 6 h (including the time from
alarm to response). In high-risk water areas, different levels of rescue vessels can be
deployed at different standby points to achieve multi-level and multiple coverage. The
coverage is illustrated in Figure 7.

Based on this, the eight standby points divide the Beihai area into eight blocks: Bohai
Strait, Qinhuangdao, Dandong, Dalian, Yantai, Tianjin, Rongcheng, and Qingdao. The
rescue vessels can cover the entire Beihai area and achieve the fastest and most effective
rescue for maritime emergencies. High-risk water areas can be covered by multiple standby
points and vessel types. For emergencies near Tianjin Port, Beihai standby point No. 2
(Caofeidian) is primarily responsible for rescue operations, while the Ocean Island standby
point is primarily responsible for emergencies near Dandong. For emergencies in the
Yellow Sea, the Qingdao Port Anchorage and Rongcheng standby points are the main
rescue points. Among them, Ocean Island, North Sea No. 2 (Caofeidian), North Sea No. 4,
and Qingdao Port Anchorage are equipped with large rescue vessels, while Longkou, North
Sea No. 3, and the base dock are equipped with medium rescue vessels. Although large
and medium rescue vessels are lower, they have stronger endurance and wind resistance
levels, allowing them to conduct maritime search and rescue operations for human lives,
except in extremely adverse weather conditions. Small rescue vessels have poor wind
resistance and cannot operate in severe weather conditions. Therefore, they are stationed at
Yantai Port Anchorage as a mobile standby point, utilizing their advantages of covering all
accident areas and high speed to achieve multi-level and multiple coverage.

4.3. Verification of the Superiority of the Deployment Plan

The Beihai Rescue Bureau has deployed twenty-five standby points, which are classi-
fied as seven important standby points, four temporary standby points, and one mobile
standby point (small boats). Here, we take Beihai Rescue Bureau’s deployment with seven
important standby points and one mobile standby point, and make a comparison with the
results obtained with the model in this paper. Rescue vessels with power above 8000 kW
are classified as large rescue vessels, those above 6000 kW as medium rescue vessels,
and high-speed rescue vessels as small rescue vessels. After coordinate conversion using
MAPGIS, the eight standby points are listed in Table 8. The corresponding coverage areas
are shown in Figure 8 on the Cartesian coordinate system.

Table 8. The existing standby points of Beihai Rescue Bureau and the deployment of rescue vessels.

No. Standby Points Cartesian Coordinates Deployed Rescue Vessels
1 Beihai No. 1 (38°35' N/121°48' E) (918,344.103, 4,283,194.123) Large
3 Long Island (829,653.656, 4,204,325.851) Medium
6 Beihai No. 3 (39°10’ N/120°15’ E) (780,905.029, 4,342,043.581) Large
14 Base (38°48.05' N/121°14.57' E) (868,637.853, 4,304,957.123) Small (Mobile standby point)
15 Yantai Port Anchorage (37°40.31’ N/121°29.96 E) (897,055.492, 4,180,627.022) Large
16 Beihai No. 2 (Caofeidian) (38°50’ N /118°25’ E) (623,010.888, 4,300,957.382) Large
Beihai No. 4 (About 15 nautical miles southeast of
19 Shidao) (36°42.8' N/122°35.3' E) (999,515.532, 4,079,289.45) Large
22 Qingdao Port Anchorage (36°2.69' N/120°27.44' E) (811,598.577, 3,996,042.447) Large

The two deployment plans can be compared by solving models of the maximum
coverage quality of the jurisdictional water areas and the maximum coverage quality in
high-risk areas. The maximum coverage quality of the jurisdictional water areas in this
deployment plan is 193.17, and the quality coverage of high-risk water areas is 25.53. The
counterparts of Beihai Rescue Bureau’s current plan are 169.88 and 23.15. Both results of
this plan are higher. This means that the comprehensive distance between rescue points
obtained in this work is smaller than that of the existing plan.
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5. Conclusions

This study gathered data on maritime incidents within the jurisdictional water areas
of the Beihai Rescue Bureau of China and developed a location model for selecting optimal
standby points for professional rescue vessels. Models including the coverage quality of
the jurisdictional waters, the coverage quality in high-risk areas, the maximum coverage of
jurisdictional areas, and the maximum coverage of high-risk areas were constructed and
solved using 0-1 integer programming. The resulting eight standby points are strategically
located in the Bohai Strait, Qinhuangdao, Dandong, Dalian, Yantai, Tianjin, Rongcheng,
and Qingdao regions. It ensures that rescue vessels can reach all accident areas within 6 h
(including the time from receiving an alert to responding) and achieve multiple coverages
of different levels in high-risk water areas. The standby points obtained from the model’s
solution theoretically improve both service effectiveness and efficiency. A comparison with
the current site selection plan of the Beihai Rescue Bureau validates the superiority of the
proposed deployment plan for rescue vessel standby points in this paper.
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