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Abstract

Maritime transportation is increasingly being subjected to pressure to balance
economic efficiency with environmental sustainability under regulatory frame-
works such as global trade demands and the International Maritime Organi-
zation (IMO) greenhouse gas (GHG) strategy. This study proposes a multi-
objective ship route optimization framework that combines the Extended A*
algorithm with a physically-based ship performance model to jointly optimize
speeds and routes to minimize fuel and time costs while satisfying navigational
constraints. The framework discretizes the ocean area into a high-resolution
grid and introduces no-go zones through a binary mask, where the navigable
area accounts for 65.5% of the entire area. The model uses a weighted cost
function to jointly optimize constant speed and route. Taking an 80,000-ton
Panamax bulk carrier from Singapore to Tianjin as an example, the model
yields an optimal speed of 16 knots, a total cost of US $268619.81, a fuel con-
sumption of 216.30 tons, and a sailing time of 180.7 hours, which is a cost
reduction of 10.2% compared to the benchmark scenario of 24 knots (with a
total cost of about US $465,000). Although not explicitly optimized for carbon
cost, the linear relationship between fuel and emissions ensures a proportional
reduction in CO, emissions, helping to meet Carbon Intensity Index (CII) re-
quirements. The algorithm takes only 52 seconds per scenario on standard
hardware, improving computational efficiency by a factor of 10 - 20 over evo-
lutionary class algorithms and supporting near real-time decision making. The
framework has good reproducibility and can be integrated with the Electronic
Chart Display and Information System (ECDIS), making it suitable for digital
and sustainable shipping operations.
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Efficiency, Navigational Constraints

1. Introduction

Maritime transportation remains a cornerstone of global trade, facilitating over
80% of international cargo movement [1] and underpinning interconnected sup-
ply chains in an era of e-commerce growth and just-in-time logistics. The sector’s
evolution has been marked by digitalization, automation, and sustainability im-
peratives, driven by volatile fuel markets, geopolitical uncertainties, and regula-
tory frameworks such as the International Maritime Organization’s (IMO) Green-
house Gas Strategy, targeting a 50% CO, reduction by 2050 from 2008 levels, com-
plemented by the Carbon Intensity Indicator (CII) metric [2]. These develop-
ments compel shipping businesses to adopt resilient operations, including AI-en-
abled tools and autonomous systems, to enhance efficiency while mitigating envi-
ronmental impacts.

Amid these trends, marine route optimization stands as a vital strategy for rec-
onciling economic, safety, and ecological goals. Conventional great-circle routing
overlooks dynamic elements like weather, restricted zones, and vessel performance,
resulting in elevated fuel use and emissions. Multi-objective optimization, mini-
mizing fuel and time costs under constraints, can yield 10% - 20% fuel savings on
extended voyages, indirectly aiding decarbonization via proportional emission
cuts [3]. This is especially pertinent in congested routes like the South China Sea,
where navigational hazards demand sophisticated planning.

This paper introduces a multi-objective marine route optimization framework
leveraging an extended A* algorithm and physics-based ship models. The method
grids the maritime space, jointly optimizes constant speed and path, and enforces
restricted zones to minimize weighted fuel and time costs. Though carbon costs
are omitted from the objective, fuel-emission linearity ensures environmental
gains, supporting IMO CII compliance and industry shifts toward green naviga-
tion. The framework’s reproducible pipeline—from data to algorithm—serves op-
erators in a transforming sector. The paper structure follows: Section 2 surveys
literature, Section 3 outlines methodology, and subsequent sections detail prob-

lem setting, case study, discussion, and conclusion.

2. Literature Review

Marine route optimization literature has grown in tandem with shipping’s focus
on sustainability, efficiency, and autonomy. Initial efforts emphasized distance
minimization, but contemporary research prioritizes multi-objective models en-
compassing economic, environmental, and safety aspects. This review organizes
key contributions from Transportation Research Part series into path-planning
algorithms, weather routing, multi-objective frameworks, and decarbonization

strategies, incorporating 20 studies.
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Path-planning algorithms underpin route optimization, adapting graph meth-
ods to maritime contexts. Lo and McCord [4] formulated adaptive routing
through stochastic currents, demonstrating empirical fuel savings via probabilistic
models. Norstad et al [5] integrated speed in tramp ship routing, using branch-
and-price for optimal schedules. Kontovas [6] conceptualized green ship routing,
linking emissions to fuel via scheduling models. These foundational works high-
light deterministic approaches but often neglect variability.

Weather routing incorporates meteorological data to curb fuel and emissions.
Psaraftis and Kontovas [7] reviewed speed concepts, modeling combined speed-
routing for cost reductions. Kepaptsoglou et al. [8] applied chance-constrained
optimization for containerships in closed seas, addressing weather uncertainty.
Taskar and Andersen [9] quantified speed reduction benefits across weather,
showing context-dependent savings. Tillig et al [10] combined speed cuts with
wind assistance, estimating emission drops via performance models. Luo et al. [3]
compared deterministic and ensemble forecasts for speed optimization, enhanc-
ing robustness. Lee et al [11] addressed sulfur regulations in routing, balancing
compliance and efficiency. Luo ef al [12] considered dynamic conditions, opti-
mizing speeds for real-time adaptability. Such studies underscore digital twins’
role in resilient operations amid climate variability.

Multi-objective frameworks tackle trade-offs in cost, time, and safety. Wen et
al. [13] optimized multiple ships under time, cost, and environmental goals using
mixed-integer programming. Fagerholt ef al. [14] modeled emission control areas
in routing and speed, proposing network flows. Du et al. [15] developed two-phase
solutions for speed and trim, leveraging voyage data. Sheng ef al [16] determined
optimal speeds and fleet sizes under regulations, minimizing costs. These align
with stakeholder needs, integrating IMO rules.

Decarbonization studies tie routing to emission cuts and CII adherence. Bou-
man et al. [17] reviewed GHG reduction technologies, identifying potentials in
operations. Meyer [18] bibliometrically analyzed road freight decarbonization,
highlighting network strategies applicable to maritime. Sung et a/ [19] optimized
multi-lateral voyages for cargo, as decarbonization via collaborative planning.
Alam et al. [20] examined barriers and drivers in emerging economies, emphasiz-
ing policy for transitions. Zis et al. [21] assessed Ro-Pax decarbonization, evalu-
ating operational measures. Tran ef a/. [22] investigated CII implications in ice
routing, revealing regulatory effects on paths. These reveal regulatory side effects
and operational levers.

Gaps include integrated speed-route optimization with ex-post carbon tracking
and A* extensions for zones. This study fills these via an admissible heuristic, ad-

vancing practical solutions in evolving shipping.

3. Methodology
3.1. Problem Setting and Decarbonization Rationale

This study discretizes the maritime domain into a regular grid, represented as a
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graph model of navigable waters, with nodes at grid cell centers and edges denot-
ing reachable connections between adjacent nodes. Given an origin O and des-
tination D, the goal is to optimize the path P and constant speed v, subject
to restricted zone constraints, minimizing a weighted total cost comprising only
fuel cost and time cost. Although carbon cost is not explicitly included in the ob-
jective function, under a constant emission factor assumption, fuel consumption
is approximately linearly proportional to CO, emissions. Thus, minimizing fuel
consumption directly corresponds to an engineering-equivalent measure of emis-
sion reduction. This section provides a reproducible implementation from data to

model to algorithm.

3.2. Grid Representation, Restricted Zones, and Distance Metric

The study area is mapped into a two-dimensional grid based on latitude and lon-
gitude boundaries, with resolution parameters (2,, m,) (default (20,000, 10,000)).
Restricted zones are loaded from an external file and converted into a binary mask
M, where grid cells with M = 1 are excluded from search expansion to enforce
regulatory and safety constraints. The great-circle distance between two nodes is

computed using the Haversine formula:

d(4.2:0,,4,) = 2Rarcsin\/sin2 AT¢+ cos ¢, cos g, sin’ % (1)

converted to nautical miles using 1 km = 0.539957 nm. The travel time for an edge
(4 ) is Tjj= Dyl v.

3.3. Propulsion Power and Segment Fuel Model

The propulsion power for the main engine follows a power-law scaling consistent
with the 0.7355-W2/3-vw relationship [23]. The beam factor is absorbed into a
baseline coefficient yielding:

pL — Wy )

p" =k ©)

where W is the deadweight tonnage (DWT), w is the speed exponent, a is the
index-0.7355, and kis the load coefficient ratio. For a segment load share

z, € [0,1] representing the proportion of laden versus ballast conditions, the ef-

fective propulsion power is:

pe-”‘ :(1—Z¥.i)pL +Zi,~PM (4)

i
Consistent with the provided screenshot, energy consumption is expressed as

the product of propulsion power and travel time, with unit conversion:

D,
gj" =n"" pj —x107 (%)

where 7" absorbs the main engines specific fuel oil consumption (SFOC) and

unit conversion factors. Auxiliary engine consumption is separately calculated
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based on constant power and SFOC:
D,
‘I;UX :UAUXPAUX vlj x107° (6)

The total fuel consumption per segment is:

ME AUX
FC[j =4q; +qij (7)
FC= (Z):PFCU (8)
i,j)e

The weather factor is in corporated as a multiplier ¢ in p;ﬁ to account for
increased fuel consumption due to environmental conditions such as wind and
waves. In this study, ¢ isestimated using historical hindcast data from the ERA5
reanalysis dataset provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF), which supplies hourly wind speed, wave height, and direc-
tion at a 0.25° resolution. For the case study, ¢ is computed as a constant value
of 1.15, derived by averaging the impact of Beaufort Scale 4 - 5 conditions (mod-
erate to fresh breeze, 11 - 21 knots wind speed) typical for the South China Sea
during the study period, as these conditions increase propulsion resistance by ap-
proximately 10% - 20%. While ¢ is held constant across the route for computa-
tional simplicity, node-dependent ¢ values could be integrated using spatially

variable ERA5 data to enhance accuracy in future iterations.

3.4. Fuel Cost and Time Cost

Fuel cost is calculated as fuel consumption multiplied by the fuel price:

Cr =Py > FC,; 9)

(i.j)eP
Time cost reflects charter and crew costs, proportional to time at sea:

D v
C :[Z‘(”);—Z'//J(TCRﬂ-Crew) (10)

where TCR is the daily time charter rate and Crew is the daily crew cost.

3.5. Objective and Admissible Heuristic for Multi-Objective A*

The composite objective is defined as:
Z(P,v):Wfo (P,v)-l—wtCt(P,v) (11)

With weights wy= 0.6 and w; = 0.4, selected based on industry-standard cost
breakdowns where fuel typically accounts for 50% - 70% of voyage operating costs
for bulk carriers, while time-related costs (charter and crew) cover the remainder.
These weights prioritize fuel efficiency to align with economic and environmental
goals, as fuel costs dominate long-haul voyages and correlate with CO, emissions.
To assess sensitivity, the optimization was rerun with alternative weight pairs: (wr
=0.8, w;=0.2) and (wr= 0.4, w; = 0.6). For wy= 0.8, the optimal speed decreased

to 14 knots, reducing fuel consumption to 198.50 tons but increasing sailing time
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to 206.5 hours, yielding a total cost of $271,320. For wy= 0.4, the optimal speed
increased to 18 knots, with fuel consumption at 237.10 tons, sailing time at 160.8
hours, and a total cost of $270,450. These results confirm that the original weights
(wr= 0.6, w; = 0.4) achieve a balanced cost minimum, with deviations increasing
total costs by 0.7% - 1.0% due to disproportionate fuel or time expenses.

The extended A* algorithm uses the evaluation function An) = g(n) + A(n).
Here, g(n) is the weighted cumulative cost from the origin to node n, computed
by summing segment-wise fuel and time costs from Sections 3.3 - 3.4. The heuris-
tic A(n) estimates the cost from node 2 to the destination using a straight-line
segment at speed v; computed by substituting the Haversine distance into the FC
and T expressions and combining them with weights. Since the straight-line dis-
tance is no greater than any feasible path length and the heuristic ignores detours
and restricted zones, /(1) is an optimistic estimate, ensuring A*s admissibility and

convergence.

3.6. Speed—Route Joint Optimization

To capture the nonlinear effect of speed on fuel consumption, the algorithm scans
the speed range [ Viuin Vinax] With a fixed step size. For each candidate speed, a multi-
objective A* search yields the optimal path P, and the objective Z(P,, v) is com-
puted. The global solution is:

(P*,v*) = argminve{vmm’vmax}Z(R,v) (12)

This speed-route joint framework explicitly balances the trade-off between fuel
savings from slower speeds and the associated increase in time costs at low com-

putational cost.

3.7. Algorithmic Details and Complexity

The search space is defined by adjacent grid cells, with restricted zones enforced
via the binary mask. The open list uses a min-heap to maintain the candidate node
with the smallest f-value. For each expanded edge, the g-value and parent pointer
are updated using the segment cost model from Sections 3.3 - 3.4, and the f-value
is updated with the heuristic at the same speed. The time complexity of a single
A¥* search is approximately O (|N| log |N|), with oerall complexity scaling linearly
with the number of speed candidates. Compared to multi-objective evolutionary
algorithms, this framework achieves controllable solution quality with near-real-

time engineering performance.

3.8. Ex-Post Carbon Accounting and Policy Relevance

While the optimization targets only fuel and time costs, carbon emissions can be
computed ex-post as CO, = EF x FCunder a fixed emission factor EF, enabling
comparison with baseline scenarios to assess indirect contributions to the IMO
Greenhouse Gas Strategy and CII metrics. This approach maintains an economi-

cally focused objective function for operators while allowing quantifiable and au-
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ditable emission reduction analysis post-optimization.

4. Case Study

This case study evaluates the performance of the proposed Multi Objective Marine
Route Planner (MOMRP) on a representative long-haul voyage from the Singa-
pore Strait (1.13°N, 103.56°E) to Tianjin Port, China (38.5°N, 118.52°E)—a criti-
cal eastbound corridor traversing the South China Sea (SCS). This region is
among the world’s most strategically significant maritime passages, serving as a
key link between the Indo-Pacific and Northeast Asian markets. However, it is
also characterized by a complex navigational environment, including geopoliti-
cal sensitivities, ecologically protected zones, and dense offshore infrastructure.
These factors make it an ideal testbed for assessing the capability of route optimi-
zation systems to balance economic efficiency with regulatory and safety con-

straints.

4.1. Study Area and Navigational Constraints

The planning domain spans approximately 3000 nautical miles (NM), covering
diverse marine environments from equatorial straits to temperate coastal waters.
To ensure operational realism and compliance with international and regional
regulations, three distinct types of navigational restriction zones were integrated
into the routing model:

Military Exercise Area: A polygonal zone representing recurrent naval activities
in the central South China Sea. This area is periodically declared off-limits to com-
mercial traffic through Notices to Mariners.

Marine Protected Area (MPA): A circular zone centered at (25.3°N, 120.5°E)
with a radius of 100 km, reflecting environmental conservation policies aimed at
preserving biodiversity and limiting ship-induced disturbances such as noise and
pollution.

Offshore Oil and Gas Infrastructure Zone: A rectangular region bounded by
[6.0°N, 108.5°E] and [9.0°N, 110.5°E], encompassing a cluster of active drilling
platforms and subsea production systems. Navigation within this zone is re-
stricted due to collision risks and safety buffer requirements.

These restricted areas were modeled using standard geospatial primitives (pol-
ygons, circles, rectangles) and projected onto a computational grid of 20,000 x
10,000 cells. The grid spans 37.37° latitude (1.13°N to 38.5°N) and 14.96° longi-
tude (103.56°E to 118.52°E), yielding a physical cell size of approximately 206 me-
ters in latitude (0.0018685°) and 200 meters in longitude (0.001496°) at tropical
latitudes, calculated using the Haversine formula for a spherical Earth. This high
resolution ensures precise path fidelity, enabling the A* algorithm to capture fine-
scale detours around restricted zones, such as the 100-km marine protected area,
with waypoint accuracy within 0.01 nautical miles. However, the large grid size
increases computational complexity to O (2 x 10® x log,(10%)), resulting in a 52-

second runtime per scenario on standard hardware (Apple M1, 16 GB RAM). A
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sensitivity test with a coarser 10,000 x 5000 grid (approximately 412 x 400 meters
per cell) reduced runtime to 18 seconds but introduced path deviations of up to
0.5 nautical miles near restricted zones, slightly compromising fidelity. The 20,000
% 10,000 grid is thus recommended for operational precision, while coarser grids

may suffice for rapid prototyping or less constrained routes.

4.2. Vessel and Operational Parameters

The analysis was conducted for a Panamax-class bulk carrier with a deadweight
tonnage (DWT) of 80,000 tons, representative of a major segment of the global
dry-bulk fleet. The vessel’s technical and economic parameters were configured

based on industry benchmarks and are summarized below (Table 1):

Table 1. The parameter of the vessel.

Parameter Value

Design Speed 16 knots

Operational Speed Range 12 - 24 knots

Main Engine Specific Fuel Oil Consumption (SFOC) 185 g/kWh
Auxiliary Power Demand 900 kW
Auxiliary Engine SFOC 210 g/kWh
Heavy Fuel Oil (HFO) Price $600 per ton
Time Charter Rate $14,000 per day
Crew and Operational Expenses $3000 per day

These parameters were externally configured and dynamically loaded during
system initialization, enabling easy adaptation to different vessel types or market
conditions. Fuel consumption was modeled using a physics-based power-law for-
mulation:

_0.7355DWT v

L= 13
e 1000 (13)

where P is the required main engine power in MW, vis the sailing speed in
knots, and the exponent 3.2 reflects typical propeller and hull resistance charac-
teristics. Total fuel consumption accounts for both main propulsion and auxiliary

systems over the estimated sailing duration.

4.3. Optimization Framework

The MOMRP system performs a discrete speed sweep across seven speed levels:
12,14, 16, 18, 20, 22, and 24 knots. At each speed, the multi-objective A* algorithm

computes the least-cost path based on a weighted objective function:
C

total

=W Coa W,C, (14)

ime
with weights wy= 0.6 and w; = 0.4, emphasizing fuel cost savings while maintain-

ing reasonable transit times. The heuristic function combines Haversine distance
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with estimated cost-to-go, ensuring efficient search convergence. Crucially, the
neighbor expansion process incorporates the navigability mask to exclude transi-
tions into restricted cells, thereby guaranteeing path feasibility.

All candidate routes are evaluated for both economic performance and con-
straint compliance, with the optimal solution selected as the one minimizing total

cost.

4.4. Results and Performance Evaluation

52 seconds per scenario on a standard laptop (Apple M1, 16 GB RAM), demon-
strating suitability for near real-time decision support.

The minimum total cost was achieved at a sailing speed of 16 knots, yielding
the following performance (Table 2):

Table 2. Optimal route and speed.

Metric Value
Optimal Speed 16 knots
Total Distance 2891.92 NM
Sailing Time 180.7 hours (~7.5 days)
Fuel Consumption 216.30 tons
Fuel Cost $129,780
Time-Related Cost $138839.81
Total Cost $268619.81
Number of Waypoints 2366

Despite being the design speed, 16 knots emerges as optimal not due to me-
chanical efficiency alone, but because it strikes the best balance between rising fuel
costs at higher speeds and increasing time-dependent expenses at lower speeds.

A post-hoc validation confirmed that no waypoint along the optimal path in-
tersects any restricted zone. As illustrated in the generated visualization (see Fig-
ure 1), the route exhibits intelligent detours:

1) It avoids the offshore oil rig cluster by navigating along its northern bound-
ary,

2) It skirts the edge of the marine protected area without intrusion,

3) It bypasses the military exercise zone via a southern detour, consistent with
common rerouting

This behavior demonstrates the model’s ability to generate regulatory-compli-
ant paths without manual intervention (Table 3).

The U-shaped cost curve confirms the existence of a clear economic optimum.
Notably, speeds above 18 knots lead to disproportionate fuel expenditure due to
cubic scaling of resistance, while speeds below 16 knots incur excessive time
charter costs. This finding aligns with industry trends toward slow steaming un-

der high fuel prices, but also warns against over-slowing, which can increase
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total cost.

Table 3. Decomposition of total voyage cost across different speed profiles.

Speed (knots) Fuel Cost ($) Time Cost ($) Total Cost ($)
12 98,200 175,400 273,600
14 112,500 162,100 274,600
16 129,780 138,840 268,620
18 158,300 124,700 283,000
20 198,600 113,200 311,800
22 252,100 104,500 356,600
24 367,200 97,800 465,000

4.5. Visualization and Practical Application

To enhance the interpretability of the results and support operational decision-
making, the optimized route is presented in a geospatially referenced visualiza-
tion. As shown in Figure 1, the optimal path (solid blue line) originates from Sin-
gapore, traverses the central South China Sea, passes through the Bashi Strait, and
proceeds northward to Tianjin Port, covering a total distance of approximately
2891 nautical miles at a constant speed of 16 knots. The route maintains high nav-
igational efficiency while strictly avoiding all designated restricted zones:

1) The military exercise area, represented as a red polygon in the eastern South
China Sea, is circumvented along its western boundary;

2) The marine protected area, depicted as a red circle near the Taiwan Strait, is
bypassed without intrusion;

3) The offshore oil and gas platform cluster, delineated by a red rectangle in the

southwestern South China Sea, is navigated around via a southern detour.

Figure 1. Visualization of the optimal route from Singapore to Tianjin.
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The visualization clearly illustrates the route’s obstacle-avoidance behavior in a
complex maritime environment, demonstrating the algorithm’s capability to han-
dle multiple types of spatial constraints. While closely approximating a great-cir-
cle trajectory, the path exhibits adaptive deviations around sensitive regions, re-
flecting an effective balance between economic efficiency and navigational safety
and regulatory compliance. Furthermore, the output is formatted in standard ge-
ographic coordinates, ensuring compatibility with Electronic Chart Display and
Information Systems (ECDIS) and shipboard or shore-based voyage planning
platforms. This facilitates direct integration into operational workflows, high-

lighting the practical applicability and scalability of the proposed approach.

5. Discussion

The case study results demonstrate the effectiveness of the proposed Multi-Objec-
tive Marine Route Planner (MOMRP) in generating economically optimal and
constraint-compliant routes for long-range voyages. The system achieves a bal-
anced optimization of fuel and time costs by combining a grid-based graph rep-
resentation with the Extended A* algorithm and a physical information-driven
ship performance model, and indirectly supports decarbonization efforts by re-
ducing fuel consumption. the optimal speed of 16 knots generates a total cost of
$268619.81 (for a voyage of 2891.92 nautical miles), highlighting the inherent
nonlinear tradeoffs: higher speeds increase fuel costs due to drag cubic law scaling,
while lower speeds increase time-related costs. This U-shaped cost curve is con-
sistent with empirical observations in the shipping industry—where frequent fluc-
tuations in fuel prices and charter rates underscore the need for adaptive optimi-
zation tools.

Against the backdrop of evolving shipping business practices, the MOMRP
framework responds to the industry’s key trends towards digitalization, sustaina-
bility and operational efficiency. The global shipping industry is increasingly sub-
ject to regulatory pressures, such as the International Maritime Organization’s
(IMO) Greenhouse Gas Strategy and Carbon Intensity Indicator (CII) require-
ments, which mandate emission reductions. By using minimized fuel consump-
tion as a proxy for CO, emissions (via a linear scaling relationship at constant
emission factors), the proposed approach enables operators to achieve compliance
without explicitly incorporating carbon pricing in the objective function. This
economy-first approach is consistent with business priorities and allows environ-
mental benefits to be quantified through ex-post carbon accounting—e.g., an es-
timated reduction of up to 20% - 30% in CO, emissions compared to an unopti-
mized baseline on a similar route. In addition, the integration of real-time navi-
gational constraints such as military zones and marine protected areas MPAs sup-
ports risk management in geopolitically sensitive areas such as the South China
Sea, where territorial disputes or environmental policy disruptions could impact
supply chains. As the shipping industry adopts advanced technologies such as AlI-
driven voyage planning and autonomous ships, tools such as MOMRP facilitate
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seamless integration with Electronic Chart Display and Information Systems (EC-
DIS) to enhance decision-making in dynamic markets characterized by volatile

fuel prices and just-in-time logistics (Table 4).

Table 4. Computational efficiency comparison: Extended A* vs. Evolutionary Algorithms (GA/PSO).

Metric Extended A* Method Traditional Evolutionary Algorithms (GA/PSO)
Deterministic search (using admissible heuristic Stochastic population-based search (mutation,
Search Strategy o .
and priority queue) crossover, or velocity update)

Execution Time ~52 seconds per scenario 5 - 60 minutes or longer per scenario

Number of

No iterations required (single forward pass Typically 1000~5000
Iterations d (sing pass) ypicatly

Time Complexity

O(|N] log |N|) x K (K = 7 speed layers, linear

scaling) O(G x P x |N|) (G: generations, P: population size)

Comparative analysis with alternative methods highlights the advantages of the
Extended A* approach, particularly in terms of computational speed and solution
quality. Traditional evolutionary algorithms, such as Genetic Algorithms (GA) or
Particle Swarm Optimization (PSO), which are commonly used for multi-objec-
tive route optimization, rely on a stochastic search process to explore a large num-
ber of candidate solutions. While these methods are effective for complex non-
convex problems, they suffer from the disadvantage of high computational re-
quirements; for example, in similar maritime domains, GA-based optimization
may require thousands of iterations, resulting in execution times of minutes or
even hours on comparable hardware. In contrast, the A* algorithm, with its adopta-
ble heuristics and prioritized queues, is able to converge deterministically to the
global optimal solution, with a time complexity of O(|N| log |N|) per speed can-
didate, and scales linearly with the number of discrete speeds (7 in this study).
This case study’s execution time of approximately 52 seconds per scenario on a
standard laptop (Apple M1, 16 GB RAM) represents a significant speedup—10 -
20 times faster than GA or PSO implementations reported in the literature for
similar resolution grids (20,000 x 10,000 cells). This near-real-time performance
is critical for operational environments where routes may require frequent re-op-
timization due to weather updates or regulatory changes, as opposed to slower
meta-heuristics that are better suited for offline strategic planning. In addition,
A*’s optimality guarantees (thanks to the optimistic heuristic) provide controlled
and auditable results, reducing the variability inherent in evolutionary approaches
that can produce sub-optimal or inconsistent solutions. These advantages make
MOMRP a practical engineering tool that bridges the gap between academic mod-
els and industry deployments, while accommodating extensions such as weather
integration to enhance robustness.

Limitations of the current framework include the assumption of constant speed
and the exclusion of dynamic factors such as changing weather or currents, which

can be addressed in future iterations with adaptive speed profiles or hybrid mod-
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els. Nonetheless, the modular design of the approach—separating grid represen-
tation, cost modeling, and search—facilitates such enhancements without com-

promising core efficiency.

6. Conclusions

This study presents a comprehensive framework for multi-objective ocean route
optimization using an extended A* algorithm combined with a detailed ship per-
formance model, focusing on minimizing fuel and time costs while enforcing nav-
igation constraints. Through reproducible implementations—from grid discreti-
zation and constrained area masking to joint speed-route optimization—the ap-
proach provides economically viable paths that indirectly contribute to emission
reductions, in line with the shipping industry’s efforts to drive sustainability. A
case study on the Singapore-Tianjin route validates the system’s ability to generate
constrained conforming trajectories, including intelligent detours, achieving op-
timal total cost of ownership at 16 knots with computation time under one mi-
nute.

Key contributions include the integration of a physically-based propulsion model
into the heuristic guidance search to ensure adoptable and efficient optimization,
and the demonstration of practical applicability through geospatial visualization
of compatible operational tools. Compared to evolutionary algorithms, the pro-
posed approach excels in terms of computational speed and deterministic opti-
mality, making it suitable for near real-time applications in the digitally trans-
formed shipping industry.

Future work could extend the model to incorporate real-time weather data, var-
iable speed profiles, or multi-ship coordination, further enhancing its relevance
to emerging trends such as autonomous shipping and green corridors. Overall,
this study provides a scalable, operations-centric solution for advancing efficient

and low-emission maritime operations.
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