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Abstract: Ship weather routing has always been an important issue in the research field of navigation,
and many scholars have been devoted to this research for a long time. To study the route strategies of
different shipping companies, this paper proposes an improved multi-objective ant colony optimiza-
tion (IMACO) algorithm based on the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS). It can comprehensively consider ship navigation risk and fuel consumption cost under
complex sea conditions. First, the grid method is used to model the marine environment. Then, we
calculate the fuel consumption and the ship navigation risk of each grid and use the TOPSIS method
to evaluate these two indicators for each grid. The results show that due to the different strictness
of navigation management requirements of different companies, different routes are selected in the
same sea area at the same time. Compared with the single-objective ant colony optimization (SACO)
algorithm, the algorithm proposed in this paper can more comprehensively and effectively solve the
problem of route strategy selection of shipping companies, which has great practical significance for
ship operations management.

Keywords: weather routing; multi-objective optimization; ant colony optimization algorithm; TOP-
SIS; fuel consumption

1. Introduction

Waterway transportation plays an important role in global trade. According to statis-
tics, more than 80% of global trade is realized by shipping [1]. To promote its sustainable
development, it is necessary to reduce the fuel consumption of ships, decrease navigation
risks, and shorten navigation time [2]. Historically, fuel costs were small compared with the
fixed cost of the vessel, its crewing and management, while today it accounts for more than
50% of the cost [3]. This indicates that even a partial reduction in fuel consumption will
save shipping companies’ substantial economic cost. At the same time, reducing the fuel
consumption of ships is an effective way to control the emission of pollution sources at the
source. It is in line with the growing concern for environmental protection and sustainable
development in the international shipping field, such as the emission control area (ECA)
and the IMO’s upcoming Energy Efficiency Existing Ship Index (EEXI).

However, the marine meteorological environment has the characteristics of complexity
and variability. Severe weather conditions threaten the navigation safety of ships, and
shipwrecks are common. Such conditions can not only cause damage to ships but also
seriously threaten the lives of crew members [2]. At present, the research on ship route
planning concerning complex sea conditions has become a hot spot in the international
maritime field. How to make ships navigate more safely and efficiently in such conditions
is of great significance to the development of the maritime industry.

Current research on ship weather routing can be divided into global path planning
based on maritime environmental information and local path planning. Global path
planning refers to the static obstacle layout in the environment, which is obtained based on
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the given environmental information, and then a suitable path from the starting point to the
global target is sought with a path planning search algorithm [4]. Park et al. [5] proposed a
new approach based on A* algorithm to solve the weather routing problem. It reduced the
fuel consumption by 3.2 and 2.1% and could be applied to the general weather routing cases.
Mannarini et al. [6] proposed an automated ship routing decision support system. The
system used a modified Dijkstra algorithm for a directed graph to select the best route. Zhou
et al. [7] proposed a modified genetic algorithm to find a safe and time-saving route for
ships. He introduced the deletion and insertion operator, the modified mutation operator,
and the smoothing operator to make the algorithm more suitable for route planning.
According to the above literature, algorithms of global path planning mainly include the
A* algorithm, the Dijkstra algorithm, and the genetic algorithm. They are mainly used
to solve the optimization problem of static route planning. As for local path planning,
it is more suitable for dynamic path optimization. Its methods include the isochrone
method and dynamic programming. The isochrones method was originally proposed
by Hanssen et al. [8] to optimize routing in stationary weather conditions. The modified
isochrone method was extended by Hagiwara [9]. He used the method of definite integrals
to minimize either time, fuel, or cost. Szlapczynska et al. [10] provided an adaptation
proposal of the isochrone method with area partitioning. It proved that the route selected
by the adopted method would not cross land. Later scholars such as Roh [11] proposed
an improved isochrone method to determine economical shipping routes based on real-
time marine information and the estimation of fuel consumption. Dynamic programming
implements multi-stage decisions based on Bellman'’s principle of optimality [12], so that
each part is optimal to achieve the overall optimality. Zoppoli [13] solved the problem of
determining minimum-time ship routes by dynamic programming. He described it as a
discrete decision process in stochastic conditions. Barber et al. [14] presented a parallel
dynamic programming algorithm in a highly computer intensive combinatorial problem.
It could be used in ship voyage management. Shao et al. [15] proposed a forward three-
dimensional dynamic programming (3DDP) method. The method includes ship power
settings and heading control changes and aims to minimize fuel consumption. Skoglund
et al. [16] proposed a new dynamic programming algorithm which is adapted for use with
ensemble weather forecasts. By adding robustness as an additional objective, it was able
to compute Pareto optimal solutions to a multi-objective routing problem. However, local
path planning has poor overall route planning performance since it can only obtain local
information from ship equipment and cannot obtain global environmental information in
advance. Therefore, in this study, we use the IMACO algorithm to study the route selection
of different shipping companies in the global environment.

Optimization objectives in route planning are also the long-term research object
of various scholars. Prpi¢-Orsi¢ et al. [17] thought the influence of various parame-
ters such as ship initial speed (full ahead and lower engine loads), loading condition,
heading angle and weather conditions on ship fuel consumption and CO, emission
would affect the ship’s route selection. They calculated the weather routing of ships
across the Atlantic Ocean, taking into account the ships” CO, emissions and speed losses.
Kuhlemann et al. [18] presented a genetic algorithm to minimize the fuel consumption of a
ship. The results showed that it could save more than 10% of the fuel consumption when the
sea condition was taken into account. Taking a T300k VLCC oil tanker as the research object,
Du et al. [19] established a ship route estimation model with minimum fuel consumption,
CO, emissions and shortest ETA as the objective function, which considers the weather
conditions and constraints of the main engine rated power and safety comprehensively.
Lindstad et al. [3] developed a model to assess profit, cost and emissions by varying speed
as a function of sea conditions and the freight market. The authors focused on different
wave heights and combined different market conditions to design a speed that minimized
cost or profit. It can be seen that the optimization objective of the shipping route mainly
includes minimum sailing time, minimum fuel consumption, minimum emission, or the
shortest sailing distance. Unfortunately, many of these studies consider only a single opti-
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mization objective [17,18,20-22], and although multiple objectives are considered, they do
not consider it as a simultaneous planning objective but perform repetitive optimizations
on these objectives separately [2,3,19].

Therefore, to counteract the aforementioned problems, a multi-objective weather
routing algorithm for ships is proposed in this paper. The paper makes contributions
mainly in the following three aspects:

1.  Proposal of a multi-objective ACO algorithm

Considering the shortcomings of multi-objective planning in voyage optimization, this
paper proposes a multi-objective ACO algorithm that takes into account the sea conditions
of wind and waves. It aims to achieve safety and reduce fuel consumption cost. This paper
considers that ships have to overcome the impact of wind and waves on their operational
performance. Besides, when choosing a route, shipping companies need to meet vessel
schedule reliability and profit maximization.

2. Proposal of the concept of “Operational Obstacle”

We propose the concept of the operational obstacle. It can visualize ship navigation
risk and fuel consumption cost of shipping companies in the grid environment in the form
of obstacles.

3. Analysis from the perspective of the shipping company’s route strategy

The main body of current research on route planning is limited to studying optimiza-
tion objectives under different route selections from the perspective of ships. However,
in the maritime transportation market, due to the different management levels and risk
preferences of different shipping companies, only considering the shortest route and opti-
mal goals from the perspective of the route cannot meet the operating levels of different
companies. Therefore, this paper is the first to study weather routing from the perspective
of shipping companies. Taking into account the management level and preferences of
different shipping companies, and using the proposed multi-objective planning ant colony
algorithm, it will guide the shipping companies to provide the route selection that conforms
to their own characteristics in the practice of cargo transportation.

The rest of this paper is organized as follows: Section 2 establishes an environmental
grid model, analyzes the movement of ships under wind and waves and the calculation
of safety and fuel consumption cost indicators, and introduces the improved ant colony
algorithm for multi-objective planning, which is combined with TOPSIS method; Section 3
conducts simulation experiments to analyze the route strategies of different shipping
companies and verifies the feasibility of the algorithm; Section 4 concludes this paper.

2. Materials and Methods
2.1. Grid Method Environment Modeling

In route planning issues, grid maps are often used to establish a static simulation
environment. Howden [23] first proposed the grid method, the basic principle of which
is to divide the robot working environment into countless small grid cells with binary
information. The specification of each grid is determined by the step size of the robot, i.e.,
one step size represents one grid unit. During grid division, when either the obstacle grid
or the non-obstruction grid is not full, fill it up and calculate it as one grid. The grid method
represents the infeasible area and the free area with a binary matrix, in which 1 represents
the obstacle grid, 0 represents the free grid.

In this paper, the grid method is used to divide the marine environment according to
the resolution of 0.5° x 0.5°. First, we use python to obtain meteorological data from the
European Centre for Medium-Range Weather Forecasts, and download the raster data of
the global wind direction, wind speed, wave direction and wave height in the specified
area at the specified time. The procedure is in Appendix A. Then, we use the serial number
method to identify the grids, and mark them as serial numbers 1,2,3..., 7 in the order
from left to right and top to bottom, where each serial number represents a grid.
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2.2. Impact of Wind and Waves on Ship Stall

In the process of sailing at sea, the speed of the ship in still water is called the speed
of the ship, that is, the speed of the ship relative to the sea. However, under the influence
of environmental factors such as wind, waves and currents, the ship often cannot reach
the set speed. The speed loss will affect the level of fuel consumption of ships. Meanwhile,
it will also affect the simulation results of ship weather routing. Therefore, ship stall is
an important factor that must be considered in ship weather routing. The actual speed of
the ship after considering the influence of the ship’s stall, that is, the sailing speed of the
ship relative to the seabed, is called sailing speed. The stall model with waves as the stall
factor proposed by the Central Maritime Research Institute of the former Soviet Union is
as follows:

V = Vy — (kih — kaqh)(1 — k3D Vj) o

where h is the wave height; g is the angle between the ship’s heading and the coming
direction of the waves; D is the actual displacement of the ship; V} is the speed of the ship
in still water; kq, ky, k3 are parameters determined by the performance of the ship itself.

Equation (1) calculates the effect of waves on the speed of the ship, but does not
consider the effect of wind on the speed of the ship. Liu [24] proposed that although there
is a close relationship between wind and waves, the generation of waves is determined by
three elements: wind speed, wind time and wind zone. There is no unique correspondence
between wave height and wind speed when waves are not fully grown. Therefore, when
the waves are in a state of insufficient growth, the wind and the waves cannot completely
replace each other. This limits the applicability of ship stall models. On the basis of the
model of Equation (1), he further introduced the wind field factor, and proposed that the
ship’s speed Equation in wind and waves is:

V=V- (klh — koh + k3 Vy, cos 9)(1 — k4DVO) 2)

where Vy, is the wind speed; 6 is the angle between the ship’s heading and the wind
direction; k3- Vi, cos 0 is the effect of wind field factor on ship stall.

Then, he conducted a statistical fitting test based on the actual ship data of “Long Lin”.
Selecting 150 sets of real ship observation data from the ship’s logbook, the calculation
Equation of the ship’s stall effect in wind and waves is determined as follows:

V =V — (1.08h — 0.126h +2.77 x 1073-Vy cos 0) (1 — 2.33 x 10~7-DVp) ©)

The simulated ship used in this paper is the Yu Long Ling bulk carrier, which is
suitable for this Equation. It is a bulk carrier built in 2011 with 19,995 GT and 32,005 DWT,
sailing for COSCO company. Therefore, in this paper, this Equation is used to calculate the
influence of wind and waves on ship stall under complex sea conditions.

2.3. Fuel Consumption Cost Calculation for Ships

When shipping companies are faced with route selection, they prefer routes with
lower economic cost and more stable schedule reliability. The influence of wind and waves
on ships sailing at sea will cause the total resistance of the ship to increase. Due to the
increased resistance of the ship, the speed of the ship is also reduced, resulting in additional
fuel consumption.

In order to estimate the fuel consumption cost under complex sea conditions, we
divide the optimized route by the algorithm into multiple segments. Figure 1 shows a
navigation area map with a resolution of 0.5° x 0.5°. The red lines are the routes optimized
by the algorithm, the black dots are the junctions where ships enter or leave each grid, and
the line segments in each grid are the segments that make up the route. The total voyage
time, total fuel consumption cost and total voyage distance of the ship are the cumulative
sum of the voyage time, fuel consumption cost and voyage distance of the line segments in
each grid.
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Figure 1. Ship route decomposition diagram.

The total fuel cost can be determined by the following Equation, where N represents
the number of flight segments; C4 represents the total fuel consumption cost; C; represents
the fuel consumption cost of route segment N;Nj 1 in the ith segment.

N
Ca=) G 4)
i=1

In general, there are three common methods for calculating the fuel consumption
cost of the main engine: the interpolation method, equation method, and black-box model
method [25]. In this paper, the equation method is used to calculate the fuel consumption
cost of the ship:

NLi, oA
L(KPC) ©)
1

M=

Il
-

Ca=Y C=

Ing!

v
i i=1
where v; represents the speed of the segment i; L; represents the voyage distance of the
segment i; K, P, C are the fuel consumption rate of the ship, the power of the main engine

and the cost of fuel per ton.

2.4. Ship Navigation Risk

In the marine environment, ships are vulnerable to wind and waves. The calculation
of the wind angle and the wave angle are shown in Equations (6) and (7).

_ {360 —lp—ol lo—9l> 1800,we [0,180°) (6)
¢ — o ¢ — ¢ <180

_ 360 o=l =l > 1807 ey @
19— 7| ¢ — ] < 180

where w is the wind angle; v is the wave angle; ¢ is the ship’s heading; ¢ is the wind
direction; vy is the wave direction.

Under the influence of strong wind and waves, the ship will sway violently, resulting
in roll, pitch, and heave. Among them, roll causes the most damage to the hull, which
not only impacts the longitudinal steel structure, but also affects the ship’s driving, thus
seriously affecting the safety of navigation. The cartesian coordinate system is established,
as shown in Figure 2.
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Figure 2. Ship navigation risk diagram.

In this paper, we use the angle between the wind (wave) ship angle and the longitudi-
nal direction of the ship to evaluate ship navigation risk. As shown in Figure 2, the positive
direction of the x-axis represents the ship’s heading, and the y-axis represents 90° from the
ship’s heading.

Take the wind direction on the port side of a ship as an example. When the ship
is sailing, the closer the wind direction is to the y-axis, the more dangerous it is to sail,
as shown in the red area in Figure 2. That is because |90° — w/| is small, so it is easy to
cause the ship to roll. Conversely, the closer the wind direction is to the x-axis, it is safer
than the former, as shown in the green area in Figure 2. That is because |90° — w)| is large,
which represents the windward or headwind situation. Since the ship navigation risk is
determined by the combined action of wind direction and wave direction, the value of ship
navigation risk in this paper is the sum of [90° — w| and [90° — v|.

2.5. Improved Multi-Objective Ant Colony Optimization (IMACO) Algorithm

Ant colony optimization (ACO) algorithm was first proposed by Colorni et al. [26], a
population-based heuristic bionic evolution algorithm proposed by simulating the collective
route-finding behavior of ants in nature. The essence is that ants can leave a substance
called pheromone on the route they travel during foraging. Ants can sense the presence and
strength of this substance during foraging, and use it to guide their movement. They tend
to move in the direction of high pheromone intensity. Therefore, the collective foraging
behavior of a large number of ants exhibits a positive information feedback phenomenon:
The shorter a certain route is, the more ants walk on the route, the greater the strength of
the pheromone left, and the greater the probability of the latecomers to choose this route. It
is through this information exchange between individual ants that they choose the shortest
route and achieve the purpose of searching for food.

Most of the current research using the ACO algorithm only considers the problem
of single-objective programming. This paper introduces the TOPSIS comprehensive eval-
uation method in the construction of an ant colony grid environment. Specifically, we
regard each grid as an evaluation object and calculate the fuel consumption cost and
ship navigation risk of each grid according to the methods of Sections 2.3 and 2.4. We
constructed the initial evaluation matrix A, where a1 ~ a,; represents the fuel consump-
tion cost of each grid; ay, ~ ayy, represents the ship navigation risk value of each grid
(u=1,2,3,...,2025; 4 = 1,2).
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For the two indicators of cost and risk, the smaller the value is, the better it is, so it is
normalized according to Equation (9).

mﬁxaw — Aup
bup = . ©)
maxdyy — MiNdyy
K K

Then we set the weight ratio of the two indicators to 1:1, and performed the TOPSIS
method on the normalized matrix B(b,;, ). Part of the results are shown in Figure 3. Different
score boundaries are divided according to the navigation strategies of different shipping
companies, and the score grid map is converted into an obstacle grid map composed of 0
and 1.

9.95( 9.38| 8.58| 7.95| 7.51| 7.59| 7.47| 7.31| 7.15| 7. 39

10.2| 9.6|8.75| 7.55| 7.12| 6.91| 6.91| 6.71| 6.55| 7.25

10.5/ 9.89| 8.99| 7.98| 7.28| 6.47| 6.19| 6.1| 6.21| 7.15

10.8( 10.3| 9.34( 7.96| 7.19| 6. 18| 5.87| 5.63| 6.19| 7.2

11.1) 10.7| 9.87| 8.1| 7.2|5.87| 5.4|5.17| 6.22| 7.33

11.2( 11,1 10.5( 9. 39| 7.48| 5.51| 4.92| 5.21| 6.43| 7.47

11.1) 11.1| 10. 8| 10. 3| 8.72| 5.64| 5.96| 6.64| 7.7| 8.48

10.6( 10.6| 10. 5[ 10.4| 10.2| 5. 45| 8.67| 8.33| 8.82| 8.82

9.69| 9.68| 9.34| 8.65| 7.12| 5.37| 7.66| 8.6| 8.71| 8.66

8.62| 9.16| 8.54| 7.64| 6.26| 5.59| 6.83| 7.6| 7.93| 8.03

Figure 3. TOPSIS score for part of the grid.

In order to distinguish the obstacle grid obtained above, we expanded the definition
of route obstacle in the ACO algorithm, and defined the obstacle grid obtained from the
company’s navigation strategy as an operational obstacle. Therefore, the obstacle grid in
the grid environment of this paper is composed of two parts: marine physical obstacles
and operational obstacles.

The ACO based on the grid method was realized by the following steps:

(1) Inputting the ACO working environment grid obtained by composing marine physical
obstacles and operational obstacles.

(2) Inputting the initial pheromone matrix, selecting the initial point and end point, and
setting the number of iterations, the number of ants, the importance of pheromone
(«), the importance of heuristic factor (), the pheromone evaporation coefficient (p),
and the pheromone increase intensity coefficient (Q). In this paper, we set the initial
pheromone at all positions equal.

(8) Selecting the nodes that can be reached in the next step from the initial point, calculat-
ing the probability of going to each node according to the pheromone of each node,
and using the roulette algorithm to select the initial point of the next step. Thus, the k
th ant performs path selection according to the roulette equation given by:

(7 (D] [131]"
¥ [1ii()]" [15]"

where 7;;(t) is the pheromone between nodes i and j at the tth iteration; 7;; is the
heuristic information associated with arc (7, j); « and 8 are the weight parameters of
T;;(t) and 7;j, respectively.

(4) Updating the route and the length of the route.

(5) Repeating step (3) and (4) until the ants reach the endpoint or there is no way to go.

Pl = (10)
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(6) Repeating step (3)—(5) until the iteration of a certain generation of m ants ends.
(7)  Updating the pheromone matrix, in which the ants that have not arrived are not counted.

Ti(t+1) = (1 —p)5;(t) + AT (11)
At (t) = MOL if ant k passes i, N (12)
0, if ant k does not pass i,

where p is the pheromone volatilization coefficient; Q is the increasing intensity of informa-
tion; Li(t) is the route length.

(8) Repeating step (3)—(7) until the end of the n-generation ant iteration.

3. Result and Discussion
3.1. Experimental Design

In this study, we obtained the meteorological weather data from the European Centre
for Medium-Range Weather Forecasts. The meteorological data used in this article include
the global wind direction, wind speed, wave direction, and wave height. The resolution
of the selected meteorological data is 0.5° x 0.5°. We intercepted part of the North Pacific
Ocean with sea areas of 137° E ~ 159° E, 15° N ~ 37° N, constructing a grid environment
consisting of 45 x 45 grids. Set the starting point is 139.5° E, 33.5° N, and the final target is
152° E, 15° N. The cost of fuel is 856.5 USD per ton. The experimental ship in this study is a
bulker called Yu Long Ling. The ship parameters are given in Table 1. The initial values of
the IMACO algorithm are given in Table 2.

Table 1. Detailed parameters of the experimental ship.

. . The Power of the Main The Fuel Consumption Rate
Dead Weight Ton (t) The Speed of the Ship (kts) Engine (kW) of the Ship (g/kWh)
32,005 15 6480 159.4

Table 2. IMACO algorithm parameters.

Parameter Value
Number of iterations 500
Number of ants 20
The importance of pheromone («) 1
The importance of heuristic factor (B) 7
Pheromone evaporation coefficient (p) 0.3
Pheromone increase intensity coefficient (Q) 1

This study set up two experiments:

1. To verify the effectiveness of this algorithm, we designed three shipping companies with
different navigation strategies. The IMACO algorithm was used to simulate the optimal
routes of different shipping companies. In addition, the voyage distance, total time and
fuel consumption cost of the three shipping companies were calculated respectively.

2. To verify the advancement of this algorithm, we compared the result of the SACO al-
gorithm with the result of Company A (under the IMACO algorithm). Two indicators
of wind speed and wave height in the SACO algorithm were selected to construct the
marine risk environment of ships, the wind speed is limited to 12 m/s, and the wave
height is limited to 2 m.

3.2. Experimental Results and Analysis

Since there are deviations in the routes of different shipping companies on the same
route, we used the TOPSIS method to comprehensively consider the navigation strategies of
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different companies. First, the two indicators of fuel consumption cost and ship navigation
risk of each grid were comprehensively evaluated according to the weight of 1:1, and then
the grid map was converted into a score grid map, as shown in Figure 4. Figure 4 shows
part of scores in each grid of the map. The higher the value, the more favorable the area is to
sail. Second, the navigation strategies of different shipping companies were distinguished
with different score boundaries: above the boundary represents the navigable area (white
grid area), otherwise, it was the non-navigable area (brown and black grid areas, the brown
part is the eastern region of Japan, the black part is the operational obstacle). The values
of the score boundaries (f) are shown in Equation (13). It can effectively distinguish the
operation philosophy of different shipping companies.

4.4, low — demand navigation strategy
4.7, medium — demand navigation strategy (13)
4.9, high — demand navigation strategy

f

9.95| 9.38] 8.58| 7.95 7.59| 7.47| 7.31

-
o
=
=
-
o
=1
o
©

10.2( 9.6| 8.75| 7.55| 7.12] 6.91| 6.91| 6.71| 6.55( 7.25

10.5( 9.89| 8.99| 7.98| 7.28| 6.47| 6.19| 6.1 6.21| 7. 12

10.8( 10.3| 9.34| 7.96| 7.19| 6. 18| 5.87| 5.63| 6.19| 7.2

11.1f 10.7| 9.87| 8. 1| 7.2| 5.87| 5.4| 5.17| 6.22| 7.33

11.2( 11.1| 10.5| 9.39( 7.48| 5.51| 4.92| 5.21| 6. 43| 7. 47

11.1( 11.1| 10.8| 10. 3| 8.72| 5. 64| 5.96| 6.64| 7.7| 8.48

10.6( 10.6| 10. 5| 10. 4| 10.2| 5. 45| 8.67| 8. 33| 8.82| 8.82

9.69| 9.68| 9.34| 8.63| 7.12| 5.37| 7.66| 8.6| 8.71| 8.66

8.62| 9.16| 8.54| 7.64| 6.26( 5.59| 6.83

=
=3}
©
[}

8.03

Figure 4. Part of scores in each grid of the map.

According to the IMACO algorithm proposed above, we used MATLAB software to
simulate ship route planning for three companies with different navigation strategies. The
results are shown in Figures 5-7. These results correspond to different shipping companies
whose navigation management demands are from low to high, and are represented by A,
B, and C. The blue lines are the optimal routes obtained by simulation.

45 T

40

35

30 l
25 5

0 5 10 15 20 25 30 35 40 45

Figure 5. The result of company A.
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Figure 6. The result of company B.
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Figure 7. The result of company C.

From the results, it is clear that from Figures 5-7, the corresponding operational
obstacles gradually increase, and the navigation scopes of the corresponding companies
gradually narrow. The operational obstacles are characterized by continuous distribution.
In addition, it can be seen from Equations (3) and (5) that fuel consumption cost is related
to speed, speed is directly related to wind speed and wave height. The distribution of the
wind speed and wave height is relatively continuous, so the operational obstacles also have
the characteristics of continuous distribution.

Figure 8 shows the route length, voyage time, and fuel consumption cost of three
companies. On the whole, there is little difference in the voyage time of the three companies,
while there are significant differences in the route length and fuel consumption cost. The
route length of the great circle route of company A is 1376.45 nm, the voyage time is 102.16 h,
and the fuel consumption cost is 114,525.24 USD. The operational obstacles of Company
A hardly hinder the route selection, so the optimal route is obtained with few detours.
This is because the navigation management objectives of company A are relatively loose,
which is a low-demand navigation strategy. In this strategy, the navigable area is usually
the widest and the distance is the shortest, but it will be sailed at higher ship navigation
risk and in higher fuel consumption areas. The route length of the great circle route of
Company B is 1393.05 nm, the voyage time is 103.37 h, and the fuel consumption cost is
115,868.23 USD. Compared with company A, the operational obstacles of company B have
increased significantly. It can be seen that the optimal route shows a certain degree of detour
in the middle of the map due to avoiding obstacles. This reflects the fact that the navigation
management objectives of company B are relatively strict, which is a medium-demand
navigation strategy. This strategy is intermediate between A and C, and has disadvantages:



J. Mar. Sci. Eng. 2022, 10,1212

11 0f 14

the navigable area is narrow, which creates the possibility of detours, and there is the
possibility of sailing at higher ship navigation risk and in higher fuel consumption areas.
The route length of the great circle route of company C is 1399.01 nm, the voyage time
is 104.23 h, and the fuel consumption cost is 116,781.91 USD. Company C has the most
operational obstacles, which will greatly restrict its route selection. In this environment,
ships will navigate around obstacles in the middle and near the end of the map. This
indicates that company C has the strictest navigation management objectives, which is
a high-demand navigation strategy. In this strategy, the navigable area is usually the
narrowest, and the route is relatively safe but detours exist.

1600

1376.45 1393.05 1399.01
1400
5.25 1158.68 1167.82
1200 1145 23
1000
800
600
400
200 102.16 103.37 10423
0 1 L [
company A company B company C

B route length (nm) M voyage time (h) ¥ fuel consumption cost (hundred dollars)

Figure 8. Comparison of three companies in route length, voyage time, and fuel consumption cost.

Traditionally, all shipping companies in the SACO algorithm carry out route planning
based on the exact same chart, which will reduce the independence of their route selec-
tion and make it difficult for shipping companies to exert their operational advantages.
According to the characteristics of different shipping companies, the IMACO algorithm
obtains charts with the company’s operating characteristics, which can intuitively reflect
the shipping company’s preferences and operating advantages on the charts.

To verify the advancement of the IMACO algorithm, we compare it with the SACO
algorithm. Figure 9 shows the route planning result of the SACO algorithm. In addition,
we calculate its route length, voyage time, and fuel consumption cost. Table 3 shows the
difference between the result of the contrast experiment and the results in Figure 8.
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] 5 10 15 20 25 30 35 40 45

Figure 9. The result of the contrast experiment.
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Table 3. Comparison of the IMACO algorithm with the SACO algorithm for 4 examples.

Fuel Consumption Cost

Example Route Length (nm) Voyage Time (h) (Hundred Dollars)
Company A 1376.45 102.16 1145.25
Company B 1393.05 103.37 1158.68
Company C 1399.01 104.23 1167.82

Contrast experiment 1440.13 106.87 1196.40

From Table 3, we find that the IMACO algorithm is better than the latter in different
aspects. Compared with the route planned by Company A, we observed a saving of
63.68 nm in the route length, which is equivalent to saving 4.63% of the total route length;
In terms of voyage time, it saves approximately 4.71 h, which is equivalent to 4.61% of the
time being saved; in terms of fuel consumption cost, it saves about 5115 USD, which is
equivalent to 4.47% of the cost being saved.

This matches the expected results. It can be seen that the IMACO algorithm has great
advantages over the SACO algorithm. Therefore, the algorithm has practical significance
for shipping companies for saving voyage time and fuel consumption cost.

4. Conclusions

This paper proposed an improved multi-objective ant colony (IMACO) algorithm that
comprehensively considers ship navigation risk and fuel consumption cost under complex
sea conditions. The main contribution of this algorithm is that different route planning
grid maps can be obtained according to the differences in navigation strategies of different
shipping companies. In the grid environment, shipping companies can more easily choose
routes that meet their own navigation strategies. We calculated the fuel consumption cost
and ship navigation risk of each grid, and further used the TOPSIS method to evaluate
these two indicators for each grid. Moreover, by both using the algorithm for simulation
experiments and comparing it with the traditional single-objective ant colony (SACO)
algorithm, we verified the effectiveness and practical significance of the application of
the IMACO algorithm. The results show that due to the different strictness of navigation
management requirements of different companies, different routes are selected in the same
sea area at the same time.
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Appendix A

from ecmwfapi import ECMWFDataServer
server = ECMWEFDataServer()
server.retrieve({

“class”: “ep”,

“dataset”: “cera20c”,

“date”: “2010-12-01/to/2010-12-01",
“domain”: “g”,

“expver”: “17,

“number”: “0”,

“param”: “229.140/230.140/245.140/249.140”,
“stream”: “ewda”,

“time”: “6:00:00”,

“type”: “an”,

“area”: “37/137/15/159”,

“grid”: “0.5/0.5”,

“format”: “netcdf”,

v,

“target”: “output”,

)
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