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Chapter

An Overview of Ant Colony
Optimization Algorithms for
Dynamic Optimization Problems
Alireza Rezvanian, S. Mehdi Vahidipour and Ali Sadollah

Abstract

Swarm intelligence is a relatively recent approach for solving optimization prob-
lems that usually adopts the social behavior of birds and animals. The most popular
class of swarm intelligence is ant colony optimization (ACO), which simulates the
behavior of ants in seeking and moving food. This chapter aim to briefly overview the
important role of ant colony optimization methods in solving optimization problems
in time-varying and dynamic environments. To this end, we describe concisely the
dynamic optimization problems, challenges, methods, benchmarks, measures, and a
brief review of methodologies designed using the ACO and its variants. Finally, a
short bibliometric analysis is given for the ACO and its variants for solving dynamic
optimization problems.

Keywords: ant colony optimization, dynamic optimization problem, metaheuristics,
swarm intelligence, dynamic environments

1. Introduction

Swarm intelligence is a relatively new approach to optimizing problems that typi-
cally mimics the social behavior of birds and animals. Ant colony optimization (ACO),
which models ant behavior in locating and moving food, is the most prominent type of
Swarm intelligence. The early ACO algorithms were applied to discrete optimization
problems such as traveling salesman problems, routing, and scheduling. These types
of problems consist of a limited number of fixed parameters in stationary environ-
ments. However, most real problems have dynamic and time-varying parameters with
a continuous range of values. It means the optimal solution is not fixed to changing
environments and time. Therefore, the optimization algorithm needs a strategy for
tracking optimal solutions. In addition to solving static optimization problems, the
ACO algorithm and its variants can also solve dynamic optimization problems.

The rest of this chapter is organized as follows. Section 2 describes the preliminary
and background of the work, including the ACO and dynamic optimization problems.
Section 3 briefly overviews evolutionary algorithms and ACO for dynamic optimiza-
tion problems. Section 4 gives a bibliometric analysis of the ACO and its variants for
dynamic optimization problems. Finally, Section 5 concludes this chapter.
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2. Preliminary and background

In this section, the ACO and dynamic optimization problems are described briefly.

2.1 Ant colony optimization

The Ant Colony Optimization (ACO) algorithm successfully solves various dis-
crete optimization problems. The standard algorithm of ACO was proposed by Dorigo
as a multi-agent approach for solving the traveling salesman problem (TSP) [1]. The
main idea of the ACO algorithm is inspired by the behavior of colonies of ants seeking
food. Usually, at first, ants search their environment randomly for food and return
some of the food to their nest once found. They also leave a pheromone on the path
they found. The value of pheromones left on their path depends on the quality and
size of the food source, which evaporates gradually. The remaining pheromones on a
path can persuade other ants to follow the path. After a short time, most ants can
follow the shorter path specified by the strongest pheromone. A general pseudocode
of the ACO algorithm is given in Algorithm 1.

Algorithm 1. Pseudocode of standard ACO for solving optimization problems.

Ant Colony Optimization Algorithm

Begin

Initialize user parameters of ACO and generate the initial population of the ant colony

While the stopping condition is not met do

Position each ant in a starting node

Repeat

For each do

Choose the next node by applying the state transition rule

Apply step-by-step pheromone update

End for

Until every ant has built a solution

Update the best solution

Apply offline pheromone update

End While

End

Through the running of the algorithm, ants first produce different solutions ran-
domly. Then, the solutions are improved by updating the pheromones according to
the type of the problem and graph traversal, pheromones set on vertices or edges of
the graph. Traversing the edge between two nodes i and j depends on the probability
of edge, which is calculated as given follows:

pkij ¼
τ tð Þαijη

β

ij
P

jϵNk ið Þ

τ tð Þαijη
β

ij

(1)

where, pkij is the probability of traversing from the edge between nodes i and j, τ tð Þαij

denotes the value of the pheromone trail, ηβij is the heuristic information, and Nk ið Þ is

the set of nodes that can be visited by ant k. Before updating the pheromones, it is
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recommended to perform a local search to improve results. However, the method of
updating the pheromones is suggested as given follows [1]:

τij tþ 1ð Þ ¼ 1� ρð Þ:τij tð Þ þ ∆τij tð Þ (2)

where ρ is the evaporation rate of pheromone and ∆τij tð Þ denotes the amount of
pheromone trail put on the edge between nodes i and j. That amount is calculated
according to the quality of the solutions found by the whole colony, which include the
edge between nodes i and j.

2.2 Dynamic optimization problems

A wide range of real-world optimization problems is dynamic, in which the opti-
mal solution(s) to the problems may change over time. An example of such problems
includes the Dynamic Vehicle Routing Problem (DVRP) [2], where the online arrival
of customers’ requests during operation is imposed as the source of dynamism in static
vehicle routing, whereby previously found solution(s) may no longer be valid.
Another well-known example is the Dynamic Shortest Path Routing Problem
(DSPRP) [3], where optimization aims to find the shortest path from a specific source
to a specific destination in a changing network environment while minimizing the
total cost associated with the path.

As a formal definition [4], a dynamic optimization problem can be defined by a
quintuple Ω, x, ø, f , tf g, where Ω is the search space, x denotes a feasible solution in Ω,
ø is the system control parameters which determine the solution distribution in the
fitness landscape, f represents the static objective function and t denotes the time.
To define a dynamic environment, different change types can be defined. Yang and
Pelta [5] suggested a framework of eight change types: small step change, large step
change, random change, chaotic change, recurrent change, recurrent change with
noise, and dimensional change. The purpose of optimization in such problems is no
longer just locating the optimal solution(s) but instead tracking the shifting optima
over time.

In general, all aspects of science and engineering include optimizing a set of
complex problems. In these cases, the optimization objectives, some restrictions, or
other elements of the problems may vary over time. In these cases, the optimum
solution(s) to the problem are also subject to change. As seen from the examples
mentioned earlier, unlike static optimization problems, the goal of optimization in
dynamic problems is no longer locating the optimal solution(s) but tracking the
trajectories of the optimum(s) over time with a high level of accuracy.

2.2.1 Dynamic optimization problem categories

Weicker et al. [6] proposed a framework for dynamic optimization problems based
on coordinate transformations (i.e., change in the position of the optima) and fitness
rescaling (i.e., change in the value of the objective function of the optima). Eberhart
et al. [7] classified dynamic environments into three major types: Type I, Type II, and
Type III. In type I environments, the position of the optima changes over time;
however, its objective function’s value remains unchanged. In type II, the position of
the optima does not change but its value varies over time. Finally, type III, where both
the position and the value of the optima change over time.
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Angeline [8] classified different dynamic environments based on the trajectories of
peaks into three categories: linear, circular, and random. According to Duhain et al.
[9], dynamic environments can be categorized based on how severe the changes are
over time and space. They call them behavioral classes, including progressively
changing, abruptly changing, and chaotic environments. Progressively changing
environments have frequent temporal changes but small spatial changes, and they
change gradually and smoothly. In abruptly changing environments, the changes
happen rarely, but the spatial alterations are severe. Finally, if both the spatial and
temporal severity of the dynamic environment is high, the behavior of the environ-
ment is chaotic. Moreover, they combined their behavioral classification with
Eberhart et al. [7] and Angeline’s [8] types and defined 27 kinds of dynamic environ-
ments based on the direction, the trajectory, and the severity of the changes that the
environments undergo. A more comprehensive study of dynamic optimization prob-
lems with a wider scope can be found in the literature [10–15].

2.2.2 Optimization challenges in dynamic optimization problems

The purpose of optimization in dynamic optimization problems is no longer to
locate the stationary optimal solution(s) but to track the trajectories of the optimum
(s) over time as accurately as possible [16–18]. This situation possesses additional
challenges that should be addressed properly to obtain promising results. Reacting to
changes plays a critical role in maintaining the performance of optimization algo-
rithms in dynamic environments. The first step toward reacting to changes is to detect
them in the first place and then adopt a suitable strategy to deal with them.

Richter [19] discussed two major types of change detection, referred to as
population-based detection and sensor-based detection. In population-based detec-
tion, statistical hypothesis testing is performed at each generation to see whether the
alteration in the fitness of the individuals was not due to their convergence. In sensor-
based detection, some measurements, so-called “fitness landscape sensors,” are placed
either randomly or on a regular pattern into the landscape. At every generation, the
environment changes if any of the sensors detect an altered fitness value. As men-
tioned earlier, the two mechanisms have their own merits and limits. Population-
based detection does not impose any additional fitness function evaluations on the
algorithms, while sensor-based detection, on the other hand, can eliminate elaborate
statistical hypothesis testing procedures. Many existing works in the literature
reevaluate the previous best solutions to detect environmental changes [20] ((Refer-
ences)). This strategy can be regarded as a combination of both mentioned change
detection types, as reevaluating previous best solutions can be considered a kind of
sensor-based detection where the previous best individuals dynamically allocate the
distribution of the sensors in the landscape.

For optimization algorithms to hopefully advance the search process in dynamic
environments, two issues must be addressed properly. The first issue arising from the
change in the environment is outdated information, causing the quality of previous
solutions to be compromised. This has a deleterious effect on the performance of the
optimization and can mislead the search process toward the wrong positions in the
landscape. This problem can be eliminated by reevaluating past information or
replacing it with current information. The second issue is diversity loss, which is much
more serious than the other challenges. This issue arises when the population of a
population-based heuristic converges to a peak. When the environment changes, if
the peak goes out of the population’s spatial range, the function evaluations required
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for a partially converged population to re-diversify and re-converge to the shifted
peak are quite detrimental to the performance [21]. Therefore, maintaining diversity
is essential for population-based methods to adapt the imposed changes.

2.2.3 Dynamic optimization problems benchmarks

Recently, there has been a growing interest in the resolution of synthetic dynamic
optimization problems due to the ability of these models to approximate a variety of
real-world situations closely. The first and most widely used real-valued synthetic
dynamic optimization test suite in the literature is the Moving Peaks Benchmark
(MPB) proposed by Branke [22], which is highly regarded due to its configurability.
The baseline function for MPB is specified as given in the following equation:

f t xð Þ ¼ max
i∈ 1, … ,mf g

Ht ið Þ

1þW t ið Þ
PD

j¼1 xt jð Þ � Xt ið , jÞð Þ2
, (3)

where m is the number of peaks, xt jð Þ is the j
th parameter of solution x in a d-

dimensional search space, Xt i, jð Þ is the jth parameter of the center of ith peak in the tth

time, Ht ið Þ is the height of i
th peak, and W t ið Þ is the width of the ith peak the time t.

The Gaussian Peak Bench (GPB) [23] provides another method for generating
moving peaks. In the Generalized moving peaks benchmark (GMPB) [24], the base-
line function generates landscapes created by collecting some components. The gen-
erated modules by GMPBs can differ from symmetric to asymmetric, unimodal to
multimodal, flat to highly irregular, and circular contour lines to highly ill-
conditioned.

2.2.4 Evaluation measures

Several measurement metrics are proposed to evaluate the optimization algo-
rithms’ performance and different aspects of the methods for dynamic optimization
problems. For instance, Weicker [25] introduced accuracy, stability, and reactivity as
key optimization characteristics in dynamic environments. Alba et al. [26] proposed
βdegradation to measure the degradation of optimization algorithms in dynamic envi-
ronments.

A more general approach to measuring an attribute of dynamic optimization
problems is proposed in Ref. [27], which calculates an attribute of a population as the
area below the curve. Ayvaz et al. [28] proposed a dissimilarity factor, which evaluates
the ability of an optimization algorithm to recover after a change. Recently,
Kordestani et al. [29] proposed two measures to compare algorithms in dynamic
environments. The first measure is alpha-accuracy, which calculates the degree of
closeness of the optimization error to a certain expected level during the optimization
process. The second measure is fitness adaptation speed which evaluates the average
speed of algorithms in adapting to environmental changes. Despite the number of
performance measures in the literature, most authors have used offline error for
measuring their proposed algorithms. This is because they can compare their methods
with other peer algorithms. This measure is defined as given follows [17, 29–31]:

EO ¼
1

T

X

T

t¼1

e ∗t (4)
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where T is the maximum number of function evaluations and e ∗t is the minimum
error gained by the optimization algorithm at the tth fitness evaluation. Another
measure used in Ref. [32] has also been termed offline error as the best error before
the change. This measure is slightly different from the previously mentioned measure
in Eq. (4) and may become a source of confusion when comparing different methods.
This measure, first proposed in Ref. [33] as an accuracy criterion and then named the
best error before change by Nguyen et al. [12], is calculated as the average of the
minimum fitness error achieved by the algorithm at the end of each period right
before the moment of change, as given follows [34]:

EB ¼
1

K

X

K

k¼1

hk � f k
� �

(5)

where f k is the best solution obtained by an algorithm just before the kth change
happens, hk is the optimum value of the kth environment, and K is the total number of
environments—the only difference between Eqs. (4) and (5) are the time taken to
record the error gained by the algorithm, where in Eq. (4), the error is recorded every
time the function is evaluated, and in Eq. (5), it is recorded right before the change.
Table 1 summarizes some of the existing performance measures in the literature.

3. Related works

3.1 Evolutionary computation for dynamic optimization problems

Since exact algorithms are impractical in dynamic environments, stochastic opti-
mization techniques have become popular. Among them, evolutionary computation

Name References Measure

Accuracy [25, 27] The goodness of the best-found solution in the current population

Stability [25, 27] The impact of changes in the environment on the optimization

accuracy

Reactivity [25, 27] The ability of the algorithm to react quickly to changes

Offline Error [35] The average fitness error of the best-found solution at every point in

time

Best Error Before

Change

[32, 34, 36] The average fitness error of the best-found solution over the

environmental changes

Fitness Degradation [26] The degradation in the quality of solutions as changes in the landscape

occur

Area Below Curve [27, 37] An attribute of the population is the area below the curve

Dissimilarity Factor [28] The ability of an optimization algorithm to recover after a change

Alpha-Accuracy [20, 29] The degree of closeness of the optimization error to a certain expected

level during the optimization process

Fitness Adaptation

Speed

[20, 29] The average speed of the algorithms in adapting to the environmental

changes

Table 1.
Summary of the performance measures for dynamic optimization problems.
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(EC) techniques have attracted much attention due to their potential for solving
complex optimization problems. Nevertheless, evolutionary computation methods
should undergo certain adjustments to work well when applied to dynamic optimiza-
tion problems. Diversity loss is the most severe challenge to evolutionary computation
methods in dynamic optimization problems. This issue arises from the tendency of
individuals to converge on a single optimum. As a result, when the global optimum is
shifted away, the number of function evaluations (FEs) required for a partially con-
verged population to relocate the optimum is quite harmful to performance.

Over the years, researchers have proposed various techniques to improve tradi-
tional evolutionary computation methods for solving dynamic optimization problems.
According to Reference Nguyena et al. [12], the existing proposals can be categorized
into the following six approaches:

1. Increasing the diversity after detecting a change in the environment

2.Maintaining diversity during the optimization process

3.Employing memory schemes to retrieve information about previously found
solutions

4.Predicting the location of the next optimal solution(s) after a change is detected

5.Making use of the self-adaptive mechanisms of evolutionary computations

6.Using multiple sub-populations to handle separate areas of the search space
concurrently

As mentioned, the multi-population (MP) approach effectively handles dynamic
optimization problems, especially in multimodal fitness landscapes. The success of MP
methods can be attributed to the following three reasons [12]:

1.Population diversity can still be maintained globally even when populations
search within different subareas of the fitness landscape.

2. It is possible to locate and track multiple changing optima simultaneously. This
feature can facilitate tracking of the global optimum, given that one of the being
tracked local optima may become the new global optimum when environmental
changes occur.

3.Extending any single-population approach, e.g., diversity increasing/
maintenance schemes, memory schemes, and adaptive schemes, is easy.

There are several studies in the literature on dynamic optimization problems in
general. For instance, Jin and Branke [13] addressed and discussed various types of
uncertainty in evolutionary optimization. Cruz et al. [11] have contributed to the
advancement of knowledge and relevance of the field by accomplishing a twofold
task: (1) They have established a public web repository of a large number of relevant
references about the topic over the past decade and then categorized the references
based on the type of publications, type of dynamism, methods for solving dynamic
optimization problems, performance measures, applications and publication year;
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(2) Afterward, they have performed an overview of the research carried out on
dynamic optimization problems based on the collected repository. Nguyen et al. [12]
have provided an in-depth survey of evolutionary optimization in dynamic
environments. The study examined state-of-the-art academic research from four dif-
ferent points of view: benchmark problems, performance measures, methodology,
and theory.

Yazdani et al. [14, 15] in two parts of survey papers, represented a review of
research studies regarding single-objective unconstrained continuous dynamic opti-
mization problems. Since an efficient dynamic optimization algorithm consists of
several parts to cope with dynamic optimization problems, they tried to provide a
comprehensive taxonomy to identify the parts of dynamic optimization algorithms. In
the second part of this survey, they gave an overview of dynamic optimization prob-
lem benchmarks and performance measures.

Another study in the literature is provided by Moser et al. [38]. In their work, the
authors have given an overview of the available approaches in the literature for
solving MPB. They have examined various methods for the MPB in four groups:
Evolutionary Algorithms, Swarm Intelligence Algorithms, Hybrid Approaches, and
Other Approaches. Although their work is very valuable in studying and summarizing
different methods for solving the MPB, it does not provide categorical information on
how different methods work and which mechanisms can improve the performance of
different methods. In addition, it does not explain the reasons for the superiority of
specific approaches. Therefore, we believe it is necessary to provide a well-structured
survey of available methods for solving the MPB to extract their strengths and weak-
nesses and open the field to develop new efficient approaches to address dynamic
optimization problems.

3.2 ACO for dynamic optimization problem

Ant colony optimization is a candidate suited for solving dynamic optimization
problems due to its ability to adapt to changing environments. It searches for optimal
solutions in time-varying environments. Basically, this is accomplished through the
use of pheromones. These are chemical signals deposited by ants as they move
through the environment. Also, because of the evaporating nature of pheromones,
ants can quickly find promising regions of the solution space. They can converge on
proper solutions even as the problem changes over time.

In the following, brief overviews of the studies regarding ACO methods for the
dynamic optimization problem are presented. [39] is the first study of ant colonies
for optimization in a continuous and dynamic environment. The Dynamic Hybrid
Continuous Interacting Ant Colony (DHCIAC), as a hierarchical algorithm focused on
the communication behaviors of the ants and hybridized an interacting ACO for
collecting information about the environment with a Nelder-Mead local search [40]
for improving the solutions. The interacting algorithm was originally designed for
a static environment that used several communication channels with different
characteristics. The first channel is stigmergic, an indirect coordination
mechanism between agents and their environments. Ants move around pheromone
regions due to their role. The second channel is the direct channel where ants can
communicate through messages. Each ant has a stack of messages and can send
messages to the other ants. Also, based on a parameter, the ants can follow a new
solution or boost the current one. According to the hierarchical framework of the
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algorithm and its channels, the DHCIAC can propagate information regarding the
changing environment. Finally, an efficient local search can improve results.
The authors also developed two versions of DHCIAC with different mechanisms for
finding dynamic optimal. DHCIAC_track uses an enhanced local search to track the
optimal evolution, while DHCIAC_find uses a classical Nelder-Mead local search to
find the optimal solution whenever the environment changes.

The charged ants for continuous dynamic optimization are represented by
Tfaili et al. [41]. The authors proposed assigning a repulsive electric charge to each
ant. This charge prevents ants from getting close to maintaining a certain level of
diversity. In this algorithm, the ants initially distribute in the environment
randomly. Then, the new continuous solutions are generated based on a weighted
Gaussian distribution as pheromones. The charged values of ants can be positive or
negative based on the quality of the best solutions. The algorithm works with a limited
and fixed population, and each ant can produce a solution similar to ACO [42]. As
each interaction proceeds, the better new solutions replace the older and worse
solutions.

As an application of the ant colony optimization, Montemanni et al. [43] presented
the dynamic version of the ACO for the Vehicle Routing Problem (VRP), where the
problem parameters change over time. Dynamic VRP aims to find an optimal route
plan for a fleet of vehicles. This route plan considers changes in parameters such as
customer demands, vehicle availability, and traffic conditions. Three modifications
are incorporated into the ACO algorithm to cope with this problem, including local
search, ant behavior, and pheromone updating. With local search, the quality of the
solutions can be improved as the parameters of the problem change over time. Ant
behavior modification can improve ants’ behavior to adjust the changing parameters.
Finally, by pheromone updating modification, pheromone updating adjusted the
parameters over time.

Korosec et al. suggested a differential ant-Stigmergy algorithm for dynamic opti-
mization problems [44]. Stigmergy is commonly used in multi-agent systems as a kind
of indirect cooperation or coordination between agents and the environment. An
optimization process boosts the best current solution by creating a proper path. The
path is based on graph search using pheromones assigned to a Cauchy distribution.
Then a path from a source node to a destination node is formed based on choosing
each ant from another ant according to its probability. This process is repeated until
reaching a destination node. By finding paths, the paths are evaluated, and the pher-
omones are updated.

In [45], the authors introduced a dynamic strategy to adapt the parameters of ACO
through the search process dynamically. The strategy helps the algorithm adapt to
environmental changes and prevent falling into local optima. Besides, they utilize a
mechanism based on entropy to balance exploration and exploitation in the search
process to improve the quality of solutions. Finally, the algorithm is applied to solving
the TSP and VRP.

In [46], Zhou et al. represented an improved version of ACO, which
incorporates two significant mechanisms parameter adaptation and dynamic
hybridization. The parameter adaptation mechanism encompasses adapting the
parameters of the ACO algorithm dynamically based on the features of the
problem being solved. This mechanism better guides the algorithm to balance
the search process’s exploration and exploitation. The dynamic hybridization
mechanism hybridizes the ACO algorithm with another metaheuristic algorithm,
such as Genetic Algorithm or Simulated Annealing, depending on the growth of the
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search process. This idea allowed the algorithm to avoid local optima and keep the
diversity of solutions.

Brest et al. [47] introduced two population-based algorithms based on differential
evolution and ACO with continuous variables: the self-adaptive differential evolution
algorithm (jDE) and the differential ant-stigmergy algorithm (DASA). These algo-
rithms use the behavior of ants to guide their search process, and ants can communi-
cate using pheromones in the environment to identify the optimal solution. They
focused on comparing the performances of these two algorithms.

In [48], Guntsch et al. proposed a population-based ant colony optimization
(PBACO) as an improved version of the ACO algorithm that employs several colonies
to search for solutions. In the PBACO, a mechanism is designed for handling changes
in the problem environment over time. Also, an algorithm is devised with multi-
population in which each population is responsible for searching for solutions in a
different time of the environment. Then, the best solution for each population is
shared among the populations to allow for information exchange and exploration of
different regions of the search space. To prevent falling into local solutions, a migra-
tion strategy can also be used to maintain diversity among the populations. Further-
more, some applications of ACO for dynamic optimization problems have been
tabulated in Table 2.

4. Bibliometric analysis of ACO for dynamic optimization problems

The publication on Scopus by the query for title, abstract, and keywords with this
query: (“ACO” OR “ant colony”) AND (“dynamic optimization” OR “dynamic optimiza-
tion” OR “dynamic environment” OR “uncertain environment” OR “time-varying environ-
ment” OR “dynamic problem”)) have been reviewed. The resulting list of publication
years from 2003 to 2023 is plotted in Figure 1. Figure 1 shows that the number of
publications on the topic of dynamic optimization using the ACO is gradually
increasing.

Reference(s) Problem

[49] Dynamic Electric Vehicle Dispatch Optimization

[50] Dynamic Chemical Processes

[51] Dynamic Cold Chain Logistics Scheduling

[52] Dynamic Distribution Network

[53] Dynamic Knapsack Problem

[54, 55] Dynamic Load Balancing

[56] Dynamic Location Routing Problem

[48] Dynamic Quadratic Assignment Problem

[57] Dynamic Railway Junction Rescheduling Problem

[58] Dynamic Traveling Salesman Problem

[59, 60] Dynamic Vehicle Routing Problem

Table 2.
Summary of ACO applications for dynamic optimization problems.
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Furthermore, the top 10 countries with the most publications are plotted in
Figure 2. As shown in Figure 2, most publications are published by researchers from
China (34%).

The top 10 universities with the most publications are plotted in Figure 3. Looking
at Figure 3, most publications have authors from De Montfort University, UK, having
16 records.

Figure 1.
Distribution of the number of publications that used ACO for dynamic optimization problems.

Figure 2.
Distribution of the top 10 countries with the most publications.
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5. Conclusions

As one of the most popular metaheuristics, the ant colony optimization (ACO)
algorithm solves various static and dynamic optimization problems. Since most real
optimization problems have dynamic and time-varying parameters with a continuous
range of values, several ant colony optimization algorithms were developed to deal
with dynamic optimization problems. This chapter presents a brief overview of ACO
and its variants for dynamic optimization problems. Furthermore, the definition,
challenges, benchmarks, measurement metrics, and a short bibliometric analysis have
been provided in this chapter. In the following years, the application of ACO and its
variant is expected to increase gradually for solving dynamic optimization problems.

Research can be facilitated in the future by the use of adaptive ACO algorithms, in
which they can adjust the search strategy based on the current state of the environ-
ment, in order to solve dynamic optimization problems, as well as different strategies
for updating pheromones, such as decaying pheromones, reinforcing pheromones,
and balancing exploration with exploitation by adjusting search parameters dynami-
cally using learning automata.
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