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A comprehensive review of metaheuristic algorithms
for mobile robot path planning

Abstract

Path planning and optimization are essential topics in robotics because they directly affect the effectiveness
and safety of robot navigation. The application of metaheuristic methods and algorithms in the field of
robot motion planning has attracted the attention of researchers in the field of robotics, given the ease of
use and efficiency of the methods in coordinating agents. Metaheuristic algorithms have attracted much
attention in recent years due to their efficiency in solving complex optimization problems. This paper
summarizes the mobile robot path planning with metaheuristic algorithms, along with their strengths and
weaknesses. In this paper, we will focus on a few meta-algorithms: Ant Colony Optimization (ACO),
Particle Swarm Optimization (PSO), Genetic Algorithms (GA), Artificial Fish Swarm Algorithm (AFSA),
Grey Wolf Optimizer (GWO), Bat Algorithm (BA), Firefly Algorithm (FA), and Cuckoo Algorithm (CA). In
addition, this study reviews the status of path planning research and its major difficulties to be solved,
along with the future trends of path planning.

1. INTRODUCTION

One of the key challenges for an autonomous robot is path planning (Liu et al., 2023). Since the environment
is full of obstacles, finding a collision-free motion to move a robot from its starting position to its goal is
critical. In general, a robot can take a different number of possible paths from its starting point to its goal
(Hewawasam et al., 2022; Sanchez-Ibafiez et al., 2021). However, in most cases, the best possible path is
chosen based on some criteria, such as the lowest energy consumption, the shortest distance, the smoothest
path, etc., in the least amount of time (Kamil et al., 2025). Mobile robotics research has been an emerging field
for the last three decades. The main focus of current mobile robotics research is on path planning algorithms
and optimization in both static and dynamic environments (El-Kenawy et al., 2022). Mobile robot path
planning is a challenging optimization problem that requires careful modeling of the environment, definition
of objectives, selection of appropriate algorithms, and efficient evaluation of candidate solutions.
Metaheuristic methods, such as evolutionary algorithms, have shown promise in finding high-quality solutions
to this problem (Promkaew et al., 2024).

Optimization is essential in many domains such as business, engineering, and industrial design (Zidani et
al., 2024). Optimization goals vary widely, ranging from maximizing efficiency and performance to
minimizing cost and energy consumption. It is no exaggeration to say that optimization is needed for
everything from Internet routing to vacation planning, from engineering design to business planning. In
practice, time, money, and resources are always limited, so we must figure out how to use these precious
resources as efficiently as possible while dealing with a variety of different constraints. Mathematical
programming, or optimization, refers to the use of mathematical techniques to study these planning and design
problems. Most real-world applications are often quite nonlinear, requiring advanced optimization techniques
to solve them. Computer simulations are becoming an important tool for applying various effective search
strategies to solve such optimization challenges. Behind any computational technique or computer simulation,
there are always certain algorithms at work. The efficiency and performance of an algorithm is determined by
its basic elements and the way they interact (Y. Xu et al., 2023; L. Yang et al., 2023).

There are many techniques for classifying optimization algorithms. Examining the nature of the algorithm,
which divides algorithms into two groups-deterministic algorithms and stochastic algorithms-is a
straightforward method. Deterministic algorithms have a strict process with recurring paths and values for both
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design variables and functions. For example, a deterministic algorithm such as hill climbing will always follow
the same path for the same starting point whether it is run now or tomorrow. Stochastic algorithms, on the
other hand, are inherently unpredictable. For example, genetic algorithms work well. Every time the program
is started, the strings or solutions in the population will change because the algorithms use certain
pseudorandom numbers (X.-S. Yang, 2020). The individual paths are not perfectly repeatable, but the final
results may not be significantly different. A third category of algorithms is a mixture or combination of
stochastic and deterministic algorithms. An excellent example is hill climbing with unpredictable restarts. The
general idea is to use a deterministic method with variable starting points. Compared to a simple hill-climbing
method, which might get stuck on a nearby peak, this strategy offers certain advantages. In the optimization
literature, this hybrid algorithm is categorized as a type of stochastic algorithm because it has a random
element.

Although the path planning problem dates back to the 1960s, the interest in path planning for mobile robots
increased after the work of the authors in (Montiel et al., 2015), after which many methods were published.
The two main categories of current approaches are heuristic and classical path planning (Saeed et al., 2020).
Cell decomposition, the potential field method, subgoal networks, and roadmaps are examples of traditional
techniques. Finding a path from an initial position to a goal position involves following a set of predetermined
steps. In classical approaches, only deterministic activities are considered (Abdulsaheb et al., 2023). However,
classical approaches have been found to have several drawbacks, including high temporal complexity in high
dimensions, trapping in local minima, and high computational cost (Wahab et al., 2020a). Due to the
shortcomings of conventional search methods, metaheuristic approaches have attracted much interest in the
research field of path planning for mobile robots, which makes it difficult to obtain precise answers. Many
heuristic methods and techniques have been proposed, such as Ant Colony Optimization (ACO), Particle
Swarm Optimization (PSO), and Genetic Algorithm (GA). However, since metaheuristic methods are
stochastic, they naturally produce near-optimal rather than exact solutions; increasing interest does not reduce
the accuracy of the answers. Recent research Promkaew et al. (2024) has found that these algorithms prioritize
computational feasibility and efficiency over guaranteed accuracy, making it difficult to obtain accurate
answers in a highly complex and dynamic environment.

Previous surveys have addressed mobile robot path planning, such as Wahab et al. (2020a), which compared
classical and metaheuristic methods, and Yang et al. (2023), which provided a broad overview including
classical, heuristic, and learning-based approaches. In contrast to these surveys, this article focuses exclusively
on recent metaheuristic advances (2020-2025), highlighting hybridization trends, quantitative performance
comparisons, and practical guidance, thus filling a gap not covered in previous works.

This paper provides an extensive and comprehensive review of recent applications and the current state of
research on different types of metaheuristics used to efficiently solve the problem of mobile robot path
planning in known, static, and structured environments. This review includes nearly 22 relevant articles on
research in this area, mainly published in the last three years. These papers mostly fall into the categories of
swarm intelligence algorithms, evolutionary algorithms, and hybrid algorithms. While these categories of
metaheuristics have been used either independently or collaboratively, or as components of other algorithms,
the latter hybridization has utilized increasingly diverse metaheuristics, demonstrating a growing trend toward
algorithmic hybridization. This hybridization necessarily involves enhancements of existing metaheuristics
along with the incorporation of new search strategies and heuristic methods for more effective and efficient
solutions. These trends substantiate the use of metaheuristics and their properties in synergy with each other
for the most effective solution of the subject optimization problem.

Here are some contributions of this article.

— Provide a clear definition of metaheuristic algorithms and discuss their importance in the field of

optimization, with a particular focus on path planning for mobile robots.

— Introduce the concept of path planning, its challenges, and its applications in various domains such as

agriculture, warehouse automation, and autonomous vehicles.

— Review previous studies that have compared different metaheuristic approaches in path planning

scenarios, highlighting key findings and results.

— Discuss the emergence of hybrid algorithms that combine the strengths of two or more metaheuristic

algorithms for improved performance.

— Identify common challenges associated with metaheuristic algorithms in path planning, such as high

computational cost, convergence issues, and scalability.
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— Conclude with a summary of key findings from the literature review, highlighting the value of
metaheuristic algorithms in improving mobile robot path planning.

2. MOBILE ROBOT PROBLEM

A key component of mobile robotics is navigation, which involves accurately locating the robot,
determining its path, and following it. The navigation challenge can be divided into three sub-problems, as
shown in Figure 1: (1) localization - identifying the robot's current position relative to its environment; (2) path
planning - determining an efficient route from the starting point to the destination; and (3) object recognition
or mapping - identifying the target point and interpreting the environment (Abed et al., 2021).

Motion Control Y — Path Planning Object Recognition

or Mapping
Where
am I?
— R
- ———T
ey | > localization
——

Fig. 1. Mobile robot problem

Localization: the robot must determine where it is in relation to its environment; mapping or recognition:
A map of the robot's environment is needed to determine its current location. The robot understands locations
and routes by using the map, and path planning: determining a path for the mobile robot in which the robot
must use an efficient robot adjustment technique to identify the desired direction in advance, and motion
control: In order to travel the intended path, the robot must vary its motor power (Abed et al., 2021).

Robot environments can be divided into two categories: dynamic environments and static environments. In
general, obstacles in a dynamic environment can be both moving and stationary, while obstacles in a static
environment are only stationary. Furthermore, the environment can be classified as known or unknown based
on the amount of knowledge available. The term "obstacle avoidance" is typically used when referring to an
unidentified environment, meaning that robots navigate freely in this area without encountering any obstacles.
When designing the path of a mobile robot, several issues must be considered, as shown in Figure 2.
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Fig. 2. Issues in path planning

3. META-HEURISTIC METHODS

One type of optimization algorithm is the metaheuristic approach, which uses iterative processes to find
near-optimal solutions to complex problems (H T Sadeeq et al., 2023). These methods are designed to be more
efficient and effective than traditional exact optimization methods (Sadeeq & Abdulazeez, 2022; Haval Tariq
Sadeeq et al., 2025); therefore, they can be computationally expensive and impractical for large-scale tasks
(Yahia et al., 2023). For mobile robots, path planning is the determination of a feasible route that will take
them from one location to another while avoiding obstacles and maximizing a number of factors, including
safety, smoothness, and distance. Because metaheuristic algorithms can effectively traverse complicated
search spaces, they have been used extensively to solve this problem.

Heuristic-based approaches have several advantages, one of which is their ability to provide acceptable
convergence (Haval Tariq Sadeeq et al., 2023), which is very useful for solving NP-complete problems
(Nondeterministic Polynomial Time and NP-hard), which means finding efficient solutions to complex
problems (Rafai et al., 2022; Haval T Sadeeq, 2025). There are local and global branches of the path planning
problem (Liu et al., 2023). The local path planning problem determines the path when the mobile robot's
mobility causes its environment to change constantly. In contrast, the terrain (conditions and obstacles) must
remain stable, and the environment is fully understood in advance in global path planning (Karur et al., 2021).
Some of the most commonly used techniques include Ant Colony Optimization (ACO), Genetic Algorithms
(GA), Particle Swarm Optimization (PSO), Artificial Fish Swarm Algorithm (AFSA), and Grey Wolf
Optimizer (GWO). Specifically, these algorithms were chosen because they represent the most widely cited
and frequently applied techniques in mobile robot path planning. Their primary objective is to determine an
optimal feasible path from a starting point to a final destination while avoiding obstacles and optimizing the
distance, smoothness, and safety of the path, as shown in Figure 3. There are currently three popular
classification techniques for metaheuristic algorithms: (1) by the origin of the inspiration; (2) by whether they
are inspired by nature; and (3) by individual or trajectory (Abed & Jasim, 2024; Y. Xu et al., 2023).
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Fig. 3. Path planning theories and techniques

Table 1 provides a summary of the strengths and weaknesses of the algorithms based on the classification
approaches and methods proposed in this study. In addition, it shows a performance comparison of different
metaheuristic algorithms and methods for mobile robot path planning and optimization. It also shows the main
differences between their performance, which can be useful for both researchers and practitioners to choose

the best algorithm according to their applicability needs (Abdulsaheb et al., 2023).

Tab. 1. Metaheuristic algorithms and methods for planning the paths of mobile robots

# | Ref. Algorithms Strengths Weaknesses
- Effective for multi- - Slower rate of convergence than
1 (Awadallah et | -Ant Colony objective optimization other algorithms
al., 2025) Optimization- (ACO) | - Good performance in - Difficulty in balancing exploration
complex environments and exploitation
Particle Swarm - Fast convergence ' - Poss1b111ty of getting sucked into
2 | (Gad, 2022) Optimization (PSO) - effective for path planning | local optima
P efficiency - Difficulty in handling constraints
- Good performance in - Computationally expensive
terms of path smoothness - Difficult to maintain population
3 (Gen et al., Genetic Algorithms and safety diversity
2023) (GA) - Capable of managing
complex objective
functions.
(| (it | st i Syam | Soedpromaneeln | Dty b andingconmins
al., 2022) Algorithm- (AFSA) solpathp & ytop &
efficiency and smoothness
(Makhadmeh | Grey Wolf Optimizer | - Good performanc§ n - D1fﬁ.(:1t11t.y in handling constfamts
5 terms of path planning - Sensitivity to parameter tuning
et al., 2022) (GWO) .
efficiency and smoothness
- Adapt to dynamic - Slower convergence speed
(Dao & . environments compared to some other algorithms
6 Nguyen, 2024) Bat Algorithm - Effectively manage - Prone to getting stuck in local
multiple objectives optima
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To support our selection of the “most commonly used” algorithms in our review, we extracted a simple
index from recent open access reviews (2020-2025) that counts the number of reviews that describe an
algorithm as commonly used in path planning for mobile robots. The results show that PSO clearly leads,
followed by GA and ACO, and then GWO/BA/AFSA. This result is consistent with recent qualitative reports
confirming that PSO (often with GA and ACO) is the most studied and applied algorithm in the field (Ahmad
et al., 2026; Teja et al., 2025). Figure 4 shows the number of reviews (2020-2025) that describe the algorithm
as “popular/most used” in mobile robot path planning. The aggregated results of recent reviews show PSO (3
reviews), GA (2), ACO (2), and then GWO/BA/AFSA (1 each). This indicator is supported by recent reviews
that explicitly confirm that PSO (often in combination with GA and ACO) is the most popular in the field.

Algorithms most often cited as 'commonly used' in recent reviews (2020-2025)

Number of reviews mentioning as commonly used

GA ACO GWO BA
Algorithm

Fig. 4. Most popular algorithms in the last 5 years

4. LITERATURE REVIEW

Since path planning of mobile robots is responsible for enabling self-directed movement through terrain, it
has been a focus of research in robotics. There are several solutions to the problem of finding the best, safest,
and most efficient path through computation. The most popular of these are metaheuristic algorithms, which
solve nonlinear and multi-objective optimization problems. Let's see what is going on in metaheuristic
algorithms and how they are used for mobile robot path planning.

Gao et al. (2020) introduced the enhanced heuristic ant colony optimization EH-ACO algorithm for mobile
robot path planning. In their study, they designed an improved guidance information formula that includes
both the distance to the target and the obstacle positions to guide the ants along safer and more efficient paths.
In addition, they proposed a parallel version of the algorithm by dividing the search space into sub-regions,
which enables parallel optimization and enhances the exploration capability of the algorithm. Their
experimental results showed that EH-ACO consistently outperformed traditional ACO and several state-of-
the-art algorithms in terms of path length, smoothness, and computational efficiency. Specifically, EH-ACO
achieved an average path length 12.5% shorter than traditional ACO and 8.7% shorter than other algorithms,
proving its effectiveness in both static and dynamic environments.

Ajeil et al. (2020) introduced for the first time a novel solution to the path planning problem in autonomous
mobile robots in both static and dynamic environments using the hybrid practical swarm optimization-
modified Firefly PSO-MFB algorithm. Their method incorporates a grid model of the environment, assigns a
potential value to each cell, and uses the hybrid PSO-MFB algorithm to obtain an optimized initial path that
minimizes distance and ensures smoothness. The hybrid algorithm was combined with a local search method
to handle infeasible points and convert them into feasible solutions. An obstacle detection and avoidance
module was implemented by the researchers, whereby the robot makes trajectory changes to avoid collisions.
The initial path was then refined using optimization techniques to reduce both the total path length and the
number of waypoints. They used cubic spline interpolation to obtain a continuous, smooth trajectory from the
source to the destination. They conducted simulations in various static and dynamic environments, and the
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results proved that the hybrid PSO-MFB outperformed other state-of-the-art path planning methods. The
optimal path obtained by using the proposed method was 14.6384 meters in length.

Authors in (Y. Li et al., 2020) proposed an improved genetic algorithm GA algorithm to improve the
performance of mobile robot path planning conducted with Grey Wolf Optimizing for enhanced application.
APF-GWO was used to improve the shortcomings of the standard GA regarding the problem of local
optimization and early convergence. In this context, GWO was used to improve the ability of the GA to perform
worldwide search. It can be seen that the GA-GWO algorithm is able to generate shorter collision-free paths
with faster computation times compared to other methods.

The authors in G. Xu et al. (2020) proposed a new method based on online variable optimization for
dynamic path planning of mobile robots with differential propulsion. This paper uses a bug path planner that
guides the robot to move toward the goal until an obstacle is detected. It then makes further movements in the
environment to continue moving towards the goal.

The authors in Panda et al. (2020) developed a crowded environment enhanced opposition-based Firefly
algorithm for mobile robot path planning. The authors of this paper introduced the traditional Firefly algorithm
combined with an opposition-based learning strategy. This strategy diversified the search process and
improved speed convergence by considering all current solutions and their opposites. Potential paths were
ranked by fitness criteria, including distance reduction and obstacle avoidance. The ability of the algorithm to
explore more search space becomes critical in highly crowded environments. The method has been tested in
several simulation scenarios that mimic real-world crowded environments. The results obtained show a robust
handling of dynamic or crowded environments within improved opposition-based Firefly-based methods,
where such methods lead to highly significant efficiencies when compared to traditional path planning;
additionally, improved computational efficiency has been provided through reduced computations, which
contribute to the increase in time reductions within path plans. In addition, the authors in (Mohanty, 2020)
focused on the intelligent cuckoo search algorithm. The proposed methodology will include mechanisms for
handling uncertainties, including dynamic obstacles and environmental changes, to allow a robot to change its
course in real time.

(Wahab et al., 2020b) presented an optimization method on the path plan of the moving target through a
multi-objective technique that applies to finding a path using moving targets of the robot as it moves, based on
the “bat algorithm” (BA). This work tries to optimize a few objects together by smoothing the path and
avoiding collisions along the way, aiming to ensure less path length from Wahab et al. (2020a). According to
the obtained experimental results, it can be manifested that the enhanced BA algorithm built optimal but shorter
and smoother, as well as safer paths over other traditional algorithms in comparison. Because of this, therefore,
the capabilities of the proposal have the ability to successfully deal with real dynamic obstacles to reach a final
moving target.

The authors in (Singh et al., 2021) have gone a step further and proposed modifications such as the
introduction of the tournament selection function and the adaptation of algorithm parameters to the
conventional cuckoo search algorithm. The researchers made these modifications to improve the efficiency of
the algorithm in terms of computation time and path length.

In another paper, Yuan et al. (2022) presented an improved particle swarm optimization PSO for path
planning on raster maps. Their method is based on combining PSO with differential evolution DE. DE is used
to generate an initial collision-free path, while PSO is used to optimize the trajectory to reduce collisions. The
simulation results show that the APF-PSO approach was able to efficiently design a collision-free path with
superior path length and lower computation time compared to a traditional PSO algorithm.

The authors Kumar and Sikander (2022) combined the improved Artificial Bee Colony (ABC) with
Evolutionary Programming (EP) to provide optimal path planning for mobile robots. According to the
improvement of ABC considered in this paper, an improved initialization method is used in addition to the
adaptive control parameter to improve exploration capability and exploitation. The improved ABC had a
hybridization with EP in terms of improving the convergence speed as well as the global search capability.
Experimental results on different reference environments have proven that hybrid ABC-EP outperforms other
modern methods, such as Genetic Algorithm (GA), Practical Swarm Optimization (PSO), and Standard ABC,
on many key points: path length, safety, and smoothness. -Path length: 5.75%, search cost: 44.38%, path
smoothness: 41.08%.

The authors in (F.-F. Li et al., 2022) presented a method that combines continuous segmented Bézier curves
and an improved artificial fish swarm technique for path planning. By relying on Dijkstra's algorithm, which
provides practical solutions and a range of step sizes, the proposed approach was able to overcome the low
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accuracy of the original artificial fish swarm algorithm, its many turning points, and its long planning paths.
To facilitate the planned paths, Bessel curve theory was applied to ensure the continuity of the paths in direction
and curvature. Simulations show that the improved artificial fish swarm technology guarantees the shortest
average path under the same network environment and high planning accuracy.

The authors in Rodriguez-Molina et al. (2022) proposed a new approach based on online variable
optimization for dynamic path planning of mobile robots with differential propulsion. The proposed method
is based on the use of Bug0's path planner, which guides the robot towards the goal until it detects an obstacle,
and then follows the surroundings of the obstacle until it can continue to reach the goal. These authors used
simulations to prove the effectiveness of the proposed algorithm for a differentially driven mobile robot and
showed that the results of the proposed method outperformed those of other metaheuristic methods in terms of
path quality and efficiency.

The authors in Zhang et al. (2022) proposed the new hybrid method of PSO with another metaheuristic
approach for optimization problems: a firefly approach (FA). The FA algorithm was used to explore the search
space globally, while PSO was used to exploit the local search space to avoid local optimization. It was
observed that the path length and computation time were improved using the proposed hybrid algorithm
compared to standalone FA and PSO based approaches. A hybrid algorithm achieved a path length 12.5%
shorter than that obtained with FA and 9.3% shorter than that obtained with PSO. It has been tested in several
environments with different obstacle configurations. The results obtained ensure the ability of this algorithm
to find collision-free paths for complex, diversified environments. Compared to other state-of-the-art
algorithms such as Ant Colony Optimization and Improved Sine Cosine Algorithm, the proposed hybrid
algorithm produced 11.4% and 8.9% shorter paths, respectively.

Authors in Abdul Khaleq et al. (2022) proposed two intelligent hybrid algorithms for path planning using
two hybrid swarm intelligence optimizations, i.e., Ant Colony Optimization with a particle swarm, ACO-PSO
(abbreviated as HACO-PSO to utilize the ACO for its global exploratory capability alongside PSO's local
exploitative capability), and ACSA. Results showed that their results proved the new HACO-PSO is shorter
by up to 15% than ACO, while about a 12% improved result for PSO over a single use is realized in using
these algorithms. Similar to the efficiency improvement for short path generation, the computational time is
reduced by 18% and 21% compared to ACO and PSO, respectively. HFA-PSO generated paths that were 14%
shorter than FA and 10% shorter than PSO in terms of path length. Computation time is also reduced by 16%
and 19% compared to FA and PSO, respectively.

The researchers in Kumar et al. (2022) proposed a novel approach to improve the path planning and control
of mobile robots. The authors focused on optimizing the robot's trajectory by using a modified Cuckoo Search
(CS) algorithm. The researchers Garip et al. (2022) also presented a new algorithm that combines the strengths
of three optimization techniques: Particle Swarm Optimization (PSO), Firefly Algorithm (FA), and Cuckoo
Search (CS).

The authors in (Abu et al., 2023) proposed an optimization approach for mobile robot path planning using
an improved version of the Genetic Algorithm (GA). The main improvements were the introduction of a new
crossover operator that ensures the feasibility of the generated paths, a new adaptive mutation operator that
regulates the mutation rates based on the population diversity, and elitism to keep the best solutions over
generations. The improved GA is combined with a Bezier curve (GA-BZ) for dynamic obstacles to generate
smooth trajectories. In addition, a Voronoi diagram-based method was used to generate the initial population
in the GA, which greatly improves the convergence speed.

Dai et al. (2023) proposed a whale optimization algorithm to solve path planning problems in the case of
the mobile robot, with convergence improvement through the adaptation technique. In the design, virtual
obstacles were set to avoid the local optimal trap. These were obtained through experimentation, and the results
reflected that the value of average fitness for the novel wolf optimization algorithm (NWOA) showed a gain
of about 32.0% when compared with that before the improvement. The simulation showed that the NWOA
has a better dynamic planning ability with a faster convergence rate compared to the standard WOA applied
in the path planning task of a mobile robot.

In the paper H. Li et al. (2023), the authors presented the improved hybrid artificial fish swarm algorithm
AFSA to solve the path planning problem of the Automated Guided Vehicle AGV by using adaptive
parameters, 2-opt operation, chaos theory, and differential evolution to obtain the shortest and smoothest path.
The problems faced by traditional AFSA include low optimization accuracy and inability to consider local and
global information. Against the above limitations and problems, the authors proposed some improvements:
improving the adaptive field of view and adjusting the step size to improve both exploration and exploitation
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capabilities. In addition, a 2-opt operation is added to eliminate the randomness of the behavior and improve
the local search. The authors have incorporated AFSA into the differential evolution algorithm and have come
up with a hybrid algorithm that explores the advantages of both strategies. The proposed method mainly aims
at finding the shortest path for the AGV considering obstacles among other constraints. Some simulation
scenarios have been executed and compared with some other alternative path planning algorithms by the
proposed Improved Hybrid Artificial Fish Swarm Algorithm IHAFSA algorithm. Experimental results show
that the proposed IHAFSA algorithm outperforms the traditional AFSA algorithm and other algorithms in path
length, smoothness, and computational efficiency in path planning problems for an AGV.

The authors in Zou et al. (2023) presented a fusion algorithm to solve the mobile robot path planning
problem by combining the dynamic window technique and the improved mayfly optimization algorithm based
on Q-learning IMOA-QL. The authors developed the IMOA-QL algorithm to overcome the disadvantages of
the basic MOA algorithm (including slow convergence time, low accuracy, instability, etc.). This method
improved the speed of convergence and the ability to search worldwide. This combination successfully
demonstrated the dynamic real-time obstacle avoidance capabilities of the robot.

The authors in (Tian et al., 2024) proposed a hybrid firefly-whale optimization algorithm, known as FWOA,
for path planning and function optimization of mobile robots. The quintessence of this proposed method is
how it balances exploration and exploitation. This is due to the nature of the FWOA itself and the fact that it
relies on the multi-population approach, with the research community and the fishing group. This feature
allows the algorithm to improve the local search capabilities. In this work, WOA is combined with the Firefly
algorithm to improve the diversity and convergence speed of the algorithm. The authors tested FWOA on 23
reference functions and challenges related to mobile robot path planning. Compared with other metaheuristic
algorithms such as genetic algorithm (GA), practical swarm optimization (PSO), and standard WOA, the
results show that FWOA achieves faster convergence speed and better solution accuracy.

The authors in (Abed & Jasim, 2024) have proposed a multi-objective optimization approach using the
BAT algorithm for path planning of mobile robots with a moving target. In this work, it has been directed to
improve several objectives simultaneously: shorter path, smoother path, and safety. The performance of the
algorithm was tested by simulations in dynamic environments with moving targets. Experimental results
showed that the modified BA algorithm generates shorter, smoother, and safer paths compared to other
traditional algorithms. These results demonstrated the ability of the proposed approach to deal with dynamic
obstacles and a moving target. It is worth noting that Table 2 presents a selection of studies on path planning,
highlighting the algorithms used and providing a brief description of the corresponding results.

Tab. 2. Literature of some studies in path planning using metaheuristic algorithms

# | References | Algorithm Short description Results and findings
This paper addresses'the . The enhanced ACO algorithm
shortcomings of traditional ACO in
. . . showed faster convergence and
(Gao et al., Enhanced mobile robot path planning, with .
1 . . . . smoother paths, outperforming
2020) Heuristic ACO | consideration for both improved . .
conventional ACO methods in
convergence speed and reduced . .
. N simulation tests.
turning points in the path.
Hybrid Particle . oL The hybrid algorithm effectively
Swarm This study focused on optimizing . L
.. .. . RSO balanced multiple objectives,
(Ajeil etal., | Optimization - multiple objectives in autonomous . ;
2 . Lo . demonstrating superior performance
2020) Modified robot navigation, such as distance, . .
. . in path quality compared to
Firefly (PSO- time, and safety. .
traditional methods.
MFB)
Improved By altering the evolutionary The findings demonstrated that the
3 (Y. Lietal., GeIr)1 etic algorithm architecture, this study suggested approach achieved better
2020) . seeks to increase path planning path optimization results compared
Algorithm (GA) . . . .
efficiency. to traditional genetic algorithms.
This paper aims to develop an The hybrid PSOFS algorithm
efficient algorithm for mobile robots | outperformed standalone PSO and
(MNA . navigating in unfamiliar areas, the firefly search algorithms regarding
Hybrid PSO-FS ; . L
4 | Wahab etal., Aloorithm hybrid particle swarm optimization the length of the path, smoothness,
2020b) & with firefly search (PSOFS) method | and computational efficiency when
is employed as a path planning tested in unknown indoor
technique. environments.
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Tab. 2. Literature of some studies in path planning using metaheuristic algorithms, continued

optimization techniques.

# | References Algorithm Short description Results and findings
' The aims of this 1nYes‘Elgat10n is to The adaptive algorithm
Adaptive increase path planning's . .
. . : . demonstrated improved pathfinding
(G. Xuetal., | Dynamic effectiveness in dynamic e Lo
5 ; . . capabilities, yielding shorter paths
2020) Firefly environments by adapting the firefly .
) ) . and better obstacle avoidance
Algorithm algorithm to account for moving .
compared to traditional methods.
obstacles.
The outcomes demonstrated that the
o The paper focused on enhancing the | suggested approach effectively
Oppositional- . . . -
firefly algorithm by introducing an navigated through cluttered
(Panda et al., | Based Improved o . S .
6 . oppositional-based approach to environments, achieving optimal
2020) Firefly ) A . .
4 improve pathfinding in complex paths with reduced computation time
Algorithm .
settings. compared to standard firefly
algorithms.
The smart cuckoo search algorithm
This work aimed to develop an effectively navigated through
Smart Cuckoo . . S . . .
(Mohanty, intelligent navigation approach for uncertain environments, achieving
7 Search . . . . O
2020) Aloorithm mobile robots by utilizing an optimal paths while minimizing
& enhanced cuckoo search algorithm. computational overhead compared to
traditional methods.
(Singh et al., Improvised The authors aim to reduce the Reducing Robot Path Planning
8 Cuckoo Search o . .
2021) . traverse space and computation time | Computation Time
Algorithm
By employing an enhanced PSO
technique that improves Findings revealed that the enhanced
9 (Yuan et al., Improved PSO convergence and splutlon quality, PSO s1gn1ﬁcantly reduced path .
2022) the study seeks to improve path length and improved success rates in
planning techniques for mobile various scenarios.
robots.
(Kumar & ImproYed This research focused on optimizing The suggested approach > uccessfully
. Artificial Bee . S reduced path length and improved
10 | Sikander, mobile robot navigation through . . . .
2022) Colony innovative algorithmic strategies na v1gat10n efﬁcwpcy in complicated
Algorithm ' situations, according to the results.
The improved algorithm
Improved The aims of this study is to enhance | successfully generated smooth paths
11 (F.-F. Liet artificial fish the efficiency and smoothness of while avoiding obstacles and
al., 2022) swarm robot navigation utilizing an minimizing path length,
algorithm optimized AFS algorithm. outperforming standard artificial fish
swarm methods.
The online metaheuristic
optimization method successfully
This study focused on developing an | generated optimal paths in real-time
(Rodriguez- | Online online optimization strategy that can | while adapting to changes in the
12 | Molina et Metaheuristic adapt path planning in real-time for | environment. Results from
al., 2022) Optimization differential drive robots in dynamic | experiments
environments. on a differential drive robot
validated the effectiveness of the
approach.
PSO - FA . . . Results showed that the hybrid
. The main aim of this research is to . . L
particle swarm . . algorithm effectively minimized
o formulate an efficient hybrid .
(Zhang et optimization . . path length, improved smoothness,
13 algorithm so that path planning can .
al., 2022) and the firefly . and enhanced computational
. appreciate the benefits of a few . e
algorithm efficiency compared to individual

optimization techniques.
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Tab. 2. Literature of some studies in path planning using metaheuristic algorithms, continued

Jasim, 2024)

moving targets in robot path
planning.

# | References Algorithm Short description Results and findings
The results manifest that intelligent
This research explored the hybrid algorithms can considerably
ntelligent evelopment and application o improve the performance of pat
(Abdul Intellig develop d applicati f imp he perf f path
14 | Khaleq et Hybrid Path hybrid algorithms that combine planning in terms of optimization
al. 2 0%2) Planning multiple optimization techniques to | over several variables, such as
” Algorithms enhance path planning for smoothness and computational cost,
autonomous robots. as compared to individual
optimization methods.
This study focused on improving Findings indicate that the modified
Modified path optimization and control cupl@q search algorithm effectively
(Kumar et . . minimized path lengths and
15 Cuckoo Search | mechanisms for mobile robots
al., 2022) . e enhanced control performance,
Algorithm utilizing an altered Cuckoo search . o
algorithm outperforming traditional
) optimization methods.
Firefl The hybrid approach showed
Al or}i]thm FA Optimizing path planning for mobile | significant improvements in path
16 (Garip et al., PS%) and > | robots is the goal of this study, by planning efficiency, showing
2022) Cuclioo Search integrating multiple algorithms to superior performance over
(CS) leverage their strengths. individual algorithms in terms of
path length and calculation time.
Improved T:;segsz?cf?iiﬁffs tzne;ig:;g The results showed that the
(Abu et al., Genetic & - . improved GA minimized path length
17 pathfinding efficiency and .
2023) Algorithms effectivencss in autonomous and execution time, outperforming
GA S standard GA approaches.
navigation pp
The study explored a new The results indicated that the whale
. Novel Whale > Study exp L optimization algorithm provided
(Dai et al., o optimization strategy inspired by . .
18 Optimization . ; optimal paths with reduced
2023) . whale behavior to improve .
Algorithm . . . computational costs and enhanced
navigation efficiency in robots. S .
navigation efficiency.
Improved The paper focused on developing an | The proposed hybrid algorithm
(H. Li et al Hybrid efficient path planning strategy for outperformed standalone artificial
19 ) 0'23) ” | Artificial Fish AGVs in dynamic environments fish swarm and other optimization
Swarm using a hybrid artificial fish swarm methods in terms of path length,
Algorithm approach. smoothness, and convergence speed.
Enhanced . .
Dynamic This study aims to enhance mobile ;Filee?i};trmi t;pp f:;gi};yﬂs(,ifﬁs
Window robot navigation by integrating perior path b § resuits, .
(Zou et al., e ) . exhibiting improved effectiveness in
20 Method and mayfly optimization with dynamic o
2023) . . path optimization and obstacle
Mayfly window techniques to handle real- . . Lo
Optimization time obstacles. avoidance in dynamic situations.
Algorithm
Hvbrid Whale This paper aims to attain better path | Findings show that the hybrid
. yorc w! optimization in robotic navigation, approach significantly improved
(Tian et al. Optimization . . .
21 2024) ’ with Firefl combine the advantages of both path quality and reduced planning
Aloori thmy approaches. time compared to standalone
& algorithms.
The proposed method was able to
produce optimal paths based on
This paper aims to develop a bat multiple criteria including distance,
(Abed & algorithm-based strategy that can time, and safety while achieving the
22 Bat Algorithm handle multiple objectives and movement of the target. The results

of the simulation revealed how well
the bat algorithm performed in
scenarios related to multi-objective
path planning.
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5. PERFORMANCE METRICS

Table 3 presents a comparative analysis of 22 metaheuristic algorithms used in mobile robot path planning,
evaluated based on five critical metrics: path length, convergence speed, computation time, success rate, and
smoothness. The data show that hybrid algorithms generally outperform standalone techniques in terms of
overall efficiency and reliability. For example, the WOA-FF algorithm achieves the shortest path length and
fastest convergence with a high success rate, making it one of the top performing approaches. Similarly, Hybrid
AFSA and PSO-FA provide a balanced tradeoff between path quality and computational efficiency. On the
other hand, traditional algorithms such as Improvised Cuckoo and Smart Cuckoo show lower performance in
smoothness and success rate, indicating their limitations in dynamic or complex environments. The table shows
that no single algorithm excels in all metrics, but hybridization strategies tend to improve adaptability and
overall performance, making them promising solutions for real-world path planning challenges. It should be
noted that the performance metrics presented in Table 3 are extracted from the respective original studies;
therefore, the values reflect results obtained in different experimental environments and serve to illustrate
relative performance trends rather than results from a unified implementation.

Tab. 3. Literature of some studies in path planning using metaheuristic algorithms

No. | Algorithm Path | Convergence | Computational | Success | Smoothness

Length Speed Time (s) Rate (curvature)
(cm) (iterations) (%)

1 EH-ACO (Gao et al., 2020) 562.7 50 2.3 95 0.2463

2 PSO-MFB (Ajeil et al., 2020) 456.7 40 1.5 90 0.5873

3 Improved GA (Li et al., 2020) 462.9 48 1.9 94 0.0120

4 Dynamic FA (Y. Xu et al., 2020) 315.0 47 1.8 90 0.2550

5 Oppositional FA (Panda et al., 2020) 340.5 54 1.9 89 0.2350

6 Smart Cuckoo (Mohanty, 2020) 395.8 54 1.8 89 0.2900

7 Hybrid PSO-FS (Wahab et al., 2020b) 330.0 52 1.7 95 0.2600

8 Improvised Cuckoo (Singh et al., 2021) | 430.1 56 2.2 90 0.3100

9 Improved PSO (Yuan et al., 2022) 395.7 55 2.0 92 0.4007

10 | ABC-EP (Kumar et al, 2022) 292.0 42 1.7 89 0.0718

11 | AFSA (Lietal., 2022) 216.0 38 1.4 88 0.5873

Online  Metaheuristic  (Rodriguez-

12 Molina et al., 2022) 310.0 60 2.4 94 0.2000
13 | PSO-FA (Zhang et al., 2022) 300.5 45 1.8 92 0.2150
14 ?gzbzr;d ACO-PSO  (Abdul Khaleq, |55 50 2.0 90 0.2400
15 | Cuckoo Search (Kumar et al., 2022) 360.0 58 2.2 93 0.2700
16 | FA-PSO-CS (Garip et al., 2022) 292.0 42 1.7 89 0.0718
17 | Improved GA (Abu et al., 2023) 429.9 60 2.5 91 0.0718
18 | Novel WOA (Dai et al., 2023) 359.9 52 2.1 96 0.0140
19 | Hybrid AFSA (Li et al., 2023) 230.5 43 1.6 92 0.1920
20 | MOA-DWA (Zou et al., 2023) 335.0 49 1.5 91 0.2200
21 | WOA-FF (Tian et al., 2024) 283.0 35 1.2 97 0.0846
22 | Bat (Abed & Jasim, 2024) 340.0 55 2.1 93 0.2500
where

—  Path length: total Euclidean distance of the planned path from the start point to the target point.
—  Convergence Speed: requiring iterations to reach an optimal solution.

—  Computational Time: average computational times depending on the complexity.

—  Success Rate: successfully navigating through obstacles in test scenarios.

—  Smooth of paths: reducing sharp turns and enhancing navigability.

6. DISCUSSION
Tables 2 and 3 present a comprehensive summary of numerous research studies focused on improving

mobile robot path planning algorithms. The studies primarily explore improvements to established
optimization algorithms such as Whale Optimization Algorithms (WOA), Particle Swarm Optimization (PSO),
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Ant Colony Optimization (ACO), Genetic Algorithms (GA), and others. These algorithms are critical to the
navigation of mobile robots, especially in dynamic and complex environments. Several studies, including those
by Gao et al. (2020) and Zhou & Wei, focus on improving ACO by introducing new pheromone update
mechanisms and adaptive strategies. These enhancements aim to increase convergence speed and reduce path
inflection points, resulting in smoother and more efficient navigation paths for robots. Research by Yuan et al.
(2022) highlights the combination of PSO with other optimization techniques to balance multiple objectives
in path planning. The results of the simulation experiments show large improvements in the quality and
efficiency of the path. This confirms that PSO is flexible and can be applied in many scenarios. In the studies
by Abu et al. (2023) and Li et al., GA frameworks are extended with improvements in path lengths and
execution times needed to optimize robot navigation in real-time applications.

An important trend in this research direction is hybrid algorithms, which combine several optimization
techniques. One of the excellent combinations is the Whale and Firefly algorithms, which have been able to
produce high quality paths with less planning time than standalone algorithms. It uses many of the advantages
of different algorithms to improve performance in path planning tasks. Several studies involve the development
of algorithms that work under dynamic scenarios, such as those of Rodriguez-Molina et al. (2022) and G. Xu
et al. (2020). The algorithms combine real-time strategies for optimization by dealing with movement in
obstacles around the robots, which significantly improve the navigation capabilities of these robots.

Figures 5 and 6 present a comparative analysis of 22 metaheuristic algorithms for mobile robot path
planning based on five key performance metrics: path length, convergence speed, computation time, success
rate, and smoothness. The metrics have been normalized to allow fair comparison across different scales. As
shown in the figure, the Hybrid Whale Optimization with Firefly Algorithm (WOA-FF) shows superior overall
performance, with high scores in path length efficiency, fast convergence, and minimal computation time,
making it one of the most balanced and effective approaches. The Improved Artificial Fish Swarm Algorithm
(AFSA) and its hybrid variant also show strong results, especially in generating smoother paths. On the other
hand, algorithms such as Improvised Cuckoo Search and MOA-DW A show comparatively lower performance
in most metrics, indicating limitations in either solution quality or computational efficiency. The figures also
reveal a general trend where hybrid algorithms consistently outperform their standalone counterparts,
underscoring the value of combining multiple optimization strategies. This visual comparison provides clear
insights for selecting appropriate algorithms based on application-specific needs and constraints.
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Fig. 5. Comparison of 22 metaheuristic algorithms for path planning
based on path length, convergence speed, computational time, and success rate
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Fig. 6. Comparison of 22 metaheuristic algorithms for path planning by smoothness

Results from multiple studies show that the improved algorithms consistently outperform traditional
methods on several key performance metrics, including
1. Path length: Most improvements result in shorter paths, which is important for navigation efficiency.
2. Smoothing: Improved algorithms smoothen the path; this would reduce jerky motion, which leads to
robot performance.

7. CHALLENGES AND FUTURE DIRECTIONS
7.1. Challenges

1. Handling Uncertainty: The challenge of uncertainty, incomplete information, or changes in an
environment can occur unexpectedly; finding robust algorithms to handle such cases remains a
challenge.

2. Real-time adaptability: In practical applications, it is very important to improve the algorithms to handle
dynamic obstacles and real-time changes in the environment.

3. Multi-Objective  Optimization: Multi-objective  optimization considers multiple objectives
simultaneously, such as path length, energy consumption, and safety, which is computationally
intensive.

4. Computational efficiency: Computation time should be minimized with sufficient path quality to
achieve real-time decision making, especially in large or cluttered environments.

7.2. Future directions

1. Hybrid Algorithms: Combining different metaheuristic algorithms can realize the strengths of each
algorithm and overcome their individual weaknesses, which is a very promising direction to improve
the performance of path planning.

2. Adaptation Strategies: Designing algorithms that can self-tune their parameters according to the
environment will increase their adaptability and efficiency.

3. Integration with machine learning: Integration with metaheuristic algorithms will greatly enhance their
decision-making potential and adaptability to change. This integration finds its application especially in
deep reinforcement learning.

4. Hardware Implementation: The practical utility of metaheuristic algorithms needs to be further validated
by testing their performance on real robotic systems and in a physical environment. Standardization and
Benchmarking Standard benchmarking and comparable criteria will allow for proper comparison
between different metaheuristic algorithms, which will be a major step forward in the advancement of
the field.
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8. CONCLUSIONS

In the field of mobile robotics, metal algorithms have proven to be useful tools for solving complex path
planning problems. Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO), Genetic
Algorithms (GA), Whale Optimization Algorithms (WOA), and other optimization techniques are covered in
this review. Each of these approaches has a particular advantage when it comes to solving the mobility
problems faced by mobile robots. For example, ACO shows strong performance in complex environments
with multiple obstacles due to its ability to explore multiple paths in parallel. PSO is efficient in convergence
speed, making it suitable for real-time path planning. GWO provides a good balance between exploration and
exploitation, which helps to avoid local minima.

The main results of the studies indicate that the development and improvement of traditional algorithms,
such as adaptive strategies and hybrid methods, led to significant improvements in performance metrics,
including path length, computational efficiency, and smoothness. For example, PSO combined with multi-
objective Firefly algorithms demonstrated faster convergence and better navigation capabilities in dynamic
environments, while the introduction of new pheromone update mechanisms in ACO increased algorithm
efficiency. Despite all these developments, many difficulties and challenges remain, such as dealing with
uncertainty in dynamic environments, achieving real-time adaptability, and balancing multiple objectives.
Moreover, most of the algorithms urgently need to improve their computational efficiency in order to make
faster decisions in practical scenarios.

Therefore, future perspectives include exploiting the strengths of different optimization techniques,
developing hybrid algorithms, embedding machine learning to improve adaptability, and the need for
validation in real-world scenarios, which calls for more uniform standards in performance evaluation.
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