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Abstract—The performance of ant colony optimization (ACO)
algorithms in tackling optimization problems strongly depends on
different parameters. One of the most important parameters in
ACO algorithms when addressing dynamic optimization problems
(DOPs) is the pheromone evaporation rate. The role of pheromone
evaporation in DOPs is to improve the adaptation capabilities of
the algorithm. When a dynamic change occurs, the pheromone
trails of the previous environment will not match the new
environment especially if the changing environments are not
similar. Therefore, pheromone evaporation helps to eliminate
pheromone trails that may misguide ants without destroying any
knowledge gained from previous environments. In this paper, a
self-adaptive evaporation mechanism is proposed in which ants
are responsible to select an appropriate evaporation rate while
tracking the moving optimum in DOPs. Experimental results
show the efficiency of the proposed self-adaptive evaporation
mechanism on improving the performance of ACO algorithms
for DOPs.

I. INTRODUCTION

Ant colony optimization (ACO) algorithms have proved
to be powerful methods to address challenging combinatorial
optimization problems [3], [4], [8], [9], [22]. So far, most
problems addressed by ACO have stationary environments
where the problems remain fixed during the optimization
process. However, many real-world problems are dynamic
optimization problems (DOPs) where the objective function,
decision variables, problem instance, constraints, and so on,
may change during the execution of an algorithm [20], [26].
For DOPs, algorithms need to track the moving optimum rather
than simply converging to a static optimum.

When a dynamic change occurs, it may take some time
for an ACO algorithm to adapt to the new environment [1],
[16]. This is because ACO algorithms are designed especially
to converge into a single optimum [2], [3]. Therefore, once
the population converges into an optimum, it will be difficult
to escape from the optimum and track the changing optimum.
A simple strategy to address this issue is to re-initialize the
pheromone trails whenever a dynamic change occurs [16].
However, this strategy may be inefficient, especially in cases
where the changing environments are similar [12]. This is
because the knowledge gained from the previous optimization
will not be available to speed up re-optimization. Over the
years, several strategies have been proposed to enhance the
performance of ACO algorithms for DOPs [20], including

maintaining diversity strategies [5], [10], [16], increasing di-
versity via immigrants [15], [17], memory-based schemes [11],
multi-colony schemes [19] and memetic algorithms [13].

The performance of an ACO algorithm depends on the
selection of its parameters’ values [6]. The algorithmic pa-
rameters are typically kept fixed during the execution of
the algorithm to solve an optimization problem, either with
stationary or dynamic environments. Modifying the parameters
during the execution of the algorithm showed promising per-
formance in stationary optimization problems. There are three
main methods of modifying parameters during the execution
of an algorithm: pre-scheduled, adaptive and self-adaptive (a
comprehensive survey is available in [25]). Such methods have
attracted less attention for DOPs.

The adaptation capabilities of ACO algorithms on DOPs
rely on the evaporation rate where a constant amount of
pheromone is deducted from all trails. The pheromone evapo-
ration helps to eliminate the trails of solutions that may bias
ants to search to non-promising areas of the search space.
Since the optimal evaporation rate depends on the magnitude
of change, an adaptive evaporation rate was recently proposed
in [16]. More precisely, the evaporation rate is modified
according to some rules that consider the search behaviour of
the ACO algorithm. However, this method introduces two new
parameters, e.g., the initial evaporate rate and the evaporation
step size, that may affect the performance of ACO algorithms.

In this paper, a self-adaptive evaporation rate is proposed
where the evaporation rate is integrated into the ACO search
task. This way, there is no need to select a value for the initial
evaporation rate or the evaporation step size as in the adaptive
method. More precisely, ants are responsible to select the
appropriate evaporation rate during the optimization process of
a DOP. The dynamic benchmark generator proposed in [18] is
used to generate a series of dynamic test cases and experiments
are systematically conducted. The experiments show that ACO
with a self-adaptive evaporation rate outperforms ACO with
adaptive or fixed evaporation rates on most dynamic test cases.

The rest of the paper is organized as follows. Section II
describes the DOPs generated by the benchmark generator.
Section III describes one of the state-of-the-art ACO algorithm,
which is used for the experiments. Section IV describes the
the self-adaptive method used to tune the evaporation rate.
Section V gives the experimental results of comparing an ACO



algorithm with fixed, adaptive, and self-adaptive evaporation
rates, respectively. Finally, Section VI concludes this paper
with discussions on future work.

II. DYNAMIC TEST ENVIRONMENTS

A. Travelling Salesman Problem (TSP)

The TSP can be described as follows: given a collection of
cities, the objective is to find the shortest path that starts from
one city and visits each of the other cities once and only once
before returning to the starting city.

Formally, the TSP is defined as follows. Let 𝜓𝑖𝑗 denote the
binary decision variables defined as follows:

𝜓𝑖𝑗 =

{
1, if (𝑖, 𝑗) is covered in the tour,

0, otherwise,
(1)

where 𝜓𝑖𝑗 ∈ {0, 1}. Then, the objective of the TSP is defined
as follows:

𝑓(𝑥) = 𝑚𝑖𝑛

𝑛∑
𝑖=0

𝑛∑
𝑗=0

𝑑𝑖𝑗𝜓𝑖𝑗 , (2)

where 𝑛 is the number of cities and 𝑑𝑖𝑗 is the distance between
cities 𝑖 and 𝑗.

B. Dynamic Benchmark Generators

Over the years, several dynamic benchmark generators
have been proposed for the TSP that tend to model real-world
scenarios, such as the dynamic TSP (DTSP) with traffic factors
[5], [17], [19] and the DTSP with exchangeable cities [10],
[11]. These benchmark generators modify the fitness landscape
whenever a dynamic change occurs and cause the optimum
value to change.

In this paper, the dynamic benchmark generator for
permutation-encoded problems (DBGP) proposed in [18] is
used, which can convert any stationary permutation-encoded
benchmark problem instance into a DOP. The fitness landscape
is not modified with DBGP, and thus, the optimum value (if
known) remains the same. This is because DBGP shifts the
population of the algorithm to search to a new location in
the fitness landscape. The main advantage of using the DBGP
rather than other generators is that one can observe how close
to the optimum an algorithm can perform when a change
occurs.

C. Constructing Dynamic Test Environments

The TSP is typically presented by a weighted graph. Let
𝐺 = (𝑁,𝐴) be a weighted graph where 𝑁 = {1, . . . , 𝑛} is
a set of 𝑛 cities (nodes) and 𝐴 = {(𝑖, 𝑗) : 𝑖 ∕= 𝑗} is a set of
links (arcs). Each city 𝑖 has a location defined by (𝑥, 𝑦) and
each link (𝑖, 𝑗) is associated with a non-negative distance 𝑑𝑖𝑗 .
Usually, the distance matrix of a problem instance is defined
as D = (𝑑𝑖𝑗)𝑛×𝑛. DBGP generates a dynamic test case as
follows.

Every 𝑓 iterations a random vector �⃗� (𝑇 ) is generated that
contains exactly 𝑚×𝑛 cities, where 𝑇 = ⌈𝑡/𝑓⌉ is the index of
the period of change, 𝑡 is the iteration count of the algorithm,
𝑓 determines the frequency of change, 𝑛 is the size of the
problem instance, and 𝑚 determines the magnitude of change.

More precisely, 𝑚 ∈ [0.0, 1.0] defines the degree of change, in
which only the first 𝑚×𝑛 of �⃗� (𝑇 ) city locations are swapped.
Then, a randomly re-ordered vector �⃗�(𝑇 ) is generated that
contains only the cities of �⃗� (𝑇 ). Therefore, exactly 𝑚 × 𝑛
pairwise swaps are performed in �⃗� using the two random
vectors (�⃗� (𝑇 )⊗�⃗�(𝑇 )), where “⊗” denotes the swap operator.

III. ACO IN DYNAMIC ENVIRONMENTS

A. Description of ACO

ACO algorithms were initially developed to address routing
problems modelled with weighted graphs [3], [9]. Within
ACO, a population of 𝜇 ants construct feasible solutions on
their forward mode, and update pheromone trails on their
backward mode every iteration. Hence, after a few iterations
high concentrations of pheromone will be generated into a trail
that corresponds to a solution of a routing problem, e.g., the
TSP.

In this paper, we consider one of the best performing
ACO algorithm, i.e., theℳ𝒜𝒳 -ℳℐ𝒩 Ant System (ℳℳAS)
[23], [24]. Each ant 𝑘 constructs a feasible solution using a
probabilistic rule to move from city 𝑖 to city 𝑗 as follows:

𝑝𝑘𝑖𝑗 =
[𝜏𝑖𝑗 ]

𝛼[𝜂𝑖𝑗 ]
𝛽∑

𝑙∈𝒩𝑘
𝑖
[𝜏𝑖𝑙]𝛼[𝜂𝑖𝑙]𝛽

, if 𝑗 ∈ 𝒩 𝑘
𝑖 , (3)

where 𝜏𝑖𝑗 is the existing pheromone trail between cities 𝑖 and
𝑗, 𝜂𝑖𝑗 = 1/𝑑𝑖𝑗 is the heuristic information available a priori,
𝑑𝑖𝑗 is the distance between cities 𝑖 and 𝑗, and 𝒩 𝑘

𝑖 denotes
the cities that ant 𝑘 is allowed to select from city 𝑖. 𝒩 𝑘

𝑖 is
generated by the unvisited cities incident to city 𝑖.

The pheromone trails in ℳℳAS are updated first by
applying evaporation as follows:

𝜏𝑖𝑗 ← (1− 𝜌) 𝜏𝑖𝑗 , ∀(𝑖, 𝑗), (4)

where 𝜌 is the evaporation rate which satisfies 0 < 𝜌 ≤ 1, and
𝜏𝑖𝑗 is the existing pheromone value. After evaporation, the best
ant deposits pheromone as follows:

𝜏𝑖𝑗 ← 𝜏𝑖𝑗 +Δ𝜏 𝑏𝑒𝑠𝑡𝑖𝑗 , ∀(𝑖, 𝑗) ∈ 𝑇 𝑏𝑒𝑠𝑡, (5)

where Δ𝜏 𝑏𝑒𝑠𝑡𝑖𝑗 = 1/𝐶𝑏𝑒𝑠𝑡 is the amount of pheromone that the
best ant deposits and 𝐶𝑏𝑒𝑠𝑡 defines the solution quality of tour
𝑇 𝑏𝑒𝑠𝑡. The best ant that is allowed to deposit pheromone may
be either the best-so-far1, in which case 𝐶𝑏𝑒𝑠𝑡 = 𝐶𝑏𝑠, or the
iteration-best, in which case 𝐶𝑏𝑒𝑠𝑡 = 𝐶𝑖𝑏, where 𝐶𝑏𝑠 and 𝐶𝑖𝑏

are the solution quality of the best-so-far and iteration best
ants, respectively. Both update rules are used in an alternate
way in the implementation [24].

The lower and upper limits 𝜏𝑚𝑖𝑛 and 𝜏𝑚𝑎𝑥 of the
pheromone values are imposed. The 𝜏𝑚𝑎𝑥 value is initially
bounded by 1/(𝜌𝐶𝑏𝑠), where 𝐶𝑏𝑠 is initially the solution
quality of an estimated optimal tour and later on is updated
whenever a new best-so-far ant solution quality is found. The
𝜏𝑚𝑖𝑛 value is set to 𝜏𝑚𝑖𝑛 = 𝜏𝑚𝑎𝑥/𝑎, where 𝑎 is a parameter.

Since only the best ant deposits pheromone, the population
may quickly converge towards the best solution found in the

1The best-so-far ant may not necessarily belong to the current ant popula-
tion.



first iteration. Therefore, the pheromone trails are occasionally
re-initialized to the 𝜏𝑚𝑎𝑥 value to increase exploration. For
example, whenever stagnation behaviour2 occurs or when no
improved solution is found for a given number of iterations,
the pheromone trails are re-initialized.

B. Response to Dynamic Changes

ACO algorithms can transfer knowledge via the pheromone
trails generated from the previous environment to the newly
generated environment. If the dynamic change is severe, the
pheromone trails of the previous environment may misguide
the population to search into areas far from the optimum of the
new environment; otherwise, if the dynamic change is small,
the pheromone trails of the previous environment may provide
valuable knowledge to speed up the re-optimization process to
the new environment.

ACO algorithms face a serious challenge with stagnation
behaviour when addressing DOPs. Once the population con-
verges quickly into an optimum, then it is difficult for the
population to escape from the old optimum in order to adapt to
the new optimum when an environmental change occurs. More
precisely, the pheromone trails generated around the optimum
before the dynamic change may misguide ants not to track the
moving optimum. Therefore, ACO algorithms may need some
time to adapt to dynamic changes because of the stagnation
behaviour.

The adaptation via pheromone evaporation may be a suf-
ficient choice when the changing environments are similar;
otherwise, a complete re-initialization of the pheromone trails
after a dynamic change occurs may be a better choice [16].
However, such action is available only for DOPs where the
frequency of change is known beforehand or DOPs where the
dynamic changes can be detected. In our case, the dynamic
changes can be detected by re-evaluating some stored solu-
tions, which are used as detectors, in every iteration [14].

IV. SELF-ADAPTIVE EVAPORATION RATE

A. Adaptation via Pheromone Evaporation

Once an ACO algorithm converges into an optimum, it
loses its adaptation capabilities. This is because the pheromone
trails generated to the optimum before a dynamic change
may misguide ants not to track the newly generated optimum
after the dynamic change. Pheromone evaporation may help
to eliminate unused pheromone trails and help the population
escape from the previously converged optimum.

Although ACO has adaptation capabilities due to the
pheromone evaporation, the time required to adapt to a new
environment depends on the problem size and the magnitude
of change [16]. The evaporation rate defined in Eq. 4 is
fixed in conventional ACO algorithms. A low evaporation rate
corresponds to slow adaptation, whereas a high evaporation
rate corresponds to fast adaptation. Therefore, it is straight-
forward that a higher evaporation rate is more suitable in
both quickly and severely changing environments, whereas a
lower evaporation rate is more suitable in slightly changing
environments, which has been empirically investigated in [16].

2A term used when all ants construct the same solution from early stages
of the optimization process.

B. Adaptive Evaporation Rate

At different stages of the optimization process for dif-
ferent optimization problems and under different dynamic
environments, the most appropriate evaporation rate varies.
In [16], the evaporation rate has been adapted according to
the status of the algorithm. In case the algorithm reaches the
stagnation behaviour, the evaporation rate increases in order
to eliminate the high intensity of pheromone trails in some
areas and increase exploration; otherwise, it decreases to allow
the population to use the knowledge transferred from previous
environments.

According to the behaviour of the algorithm in terms of
searching, the following pheromone evaporation rate update
rule was proposed:

𝜌(𝑡) =

{
𝜌(𝑡− 1)− 𝜎, if �̄�(𝑡) > 1,

𝜌(𝑡− 1) + 𝜎, otherwise,
(6)

where �̄�(𝑡) is the 𝜆-branching factor [7] and 𝜎 is the step
size of varying the evaporation rate 𝜌 at iteration 𝑡. A high
value of 𝜎 may quickly increase the evaporation rate to an
extreme evaporation rate and destroy information whereas a
small value may not have any effect on the performance of
ACO (see Section V-C).

C. Self-Adaptive Evaporation Rate

The limitation of the adaptive method proposed in [16]
is that the performance is dependent on the initial evapo-
ration rate value 𝜌(0) and the evaporation step size 𝜎. In
this paper, a self-adaptive method is proposed to address the
aforementioned issues and enhance the performance of ACO
for DOPs. The difference between adaptive and self-adaptive
methods lies in that in the adaptive strategy the parameter is
modified according to some rules that take into account the
search behaviour of the algorithm whereas in the self-adaptive
strategy the parameter is modified by the algorithm itself by
integrating the parameter into its search task.

The key idea to self-adapt the evaporation rate is to split
the value range of 𝜌 into 𝑃 discrete points that are generated
randomly within the interval of [0.0, 1.0]. In addition, an extra
pheromone table of the same size of the main pheromone table
is maintained, which is attached with the discrete points [21].
The update policy of the extra pheromone table is the same
with the one described in Section III.

More precisely, ants are responsible to select the 𝜌 value
when they construct their solutions at every iteration. When
ants update their pheromone trails in the main pheromone table
using the selected 𝜌 as defined in Eqs. 4 and 5, the specific
ant updates the pheromone trails in the extra pheromone table.
A single ant is used to select the 𝜌 value since it is a global
algorithmic parameter. In case local algorithmic parameters,
e.g., 𝛼 and 𝛽, are considered, then each ant should select its
own values.

V. EXPERIMENTAL STUDY

A. Experimental Setup

The proposed self-adaptive evaporation mechanism is in-
tegrated with the ℳℳAS algorithm, denoted as ℳℳAS𝑆
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Fig. 1. Impact of the initial evaporation rate regarding the offline performance for ℳℳAS𝐴 on different DOPs.

in this paper, and is compared with an existing adaptive
mechanism integrated to the same algorithm [16], denoted as
ℳℳAS𝐴, and a traditionalℳℳAS with a fixed evaporation
rate.

All common algorithmic parameters were set as follows:
𝛼 = 1, 𝛽 = 5 and the population size 𝜇 = 50. In order to
investigate the effect of the initial evaporation rate and the
evaporation step size on the performance of ℳℳAS𝐴, the
parameters were set as 𝜌(0) ∈ {0.2, 0.4, 0.6, 0.8} (see Section
V-B) and 𝜎 ∈ {0.0001, 0.001, 0.005, 0.01} (see Section V-C),
respectively. ForℳℳAS𝑆 , the number of discrete points was
set to 𝑃 = 20.

DOPs are generated from three stationary TSP benchmark
instances taken from TSPLIB3 using the DBGP4 generator
with 𝑓 set to 10 and 100, indicating quickly and slowly chang-
ing environments, respectively, and 𝑚 set to 0.1, 0.25, 0.5
and 0.75, indicating slowly, to medium, to severely changing
environments, respectively. Totally, a series of 8 DOPs are
constructed from each stationary TSP benchmark instance.

For each ACO algorithm on a DOP, 30 independent runs
were executed on the same set of random seeds. For each
run, 1000 iterations were allowed and the best so far ant after
a dynamic change was recorded every iteration. The overall
offline performance [12] of an ACO on a DOP is defined as

3http://comopt.ifi.uni-heidelberg.de/software/TSPLIB95/
4Available from www.tech.dmu.ac.uk/mmavrovouniotis/Codes/DBGP.zip

follows:

𝑃𝑂𝐹𝐹 =
1

𝐸

𝐸∑
𝑖=1

⎛
⎝ 1

𝑅

𝑅∑
𝑗=1

𝑃 ∗
𝑖𝑗

⎞
⎠ , (7)

where 𝐸 is the number of iterations, 𝑅 is the number of runs,
and 𝑃 ∗

𝑖𝑗 defines the tour cost of the best ant of iteration 𝑖 of
run 𝑗.

B. Effect of Parameter 𝜌(0) in ℳℳAS𝐴

The offline performance results of ℳℳAS𝐴 [16] with
different initial evaporation rate values are plotted in Fig. 1
for all DOPs. It can be seen that when 𝜌(0) = 0.2 the offline
performance of the algorithm is better than when 𝜌(0) > 0.2
on DOPs with 𝑓 = 10 and 𝑚 = 0.1. In contrast, when 𝜌(0) =
0.4 the performance of the algorithm improves on DOPs with
𝑓 = 100 and 𝑚 = 0.1. When 𝜌(0) > 0.4, the performance of
the algorithm achieves better results on the remaining DOPs.
The results support our claim above that the performance of
ℳℳAS𝐴 is dependent on the initial evaporation rate value.

In general, these results match the findings in [16] where
the performance of the traditional ℳℳAS with a fixed
evaporation rate depends on the 𝜌 value. When the environment
changes slightly (e.g., 𝑚 = 0.1 or 𝑚 = 0.25), a lower
evaporation rate achieves better performance whereas when the
environment changes severely (e.g., 𝑚 = 0.5 or 𝑚 = 0.75), a
higher evaporation achieves better performance.
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Fig. 2. Impact of the evaporation step size regarding the offline performance for ℳℳAS𝐴 on different DOPs.

TABLE I. EXPERIMENTAL RESULTS REGARDING THE OFFLINE PERFORMANCE OF ACO ALGORITHMS. BOLD VALUES INDICATE THE BEST RESULTS

Travelling Salesman Problem

Algorithms & DOPs kroA100(Optimum=21282) kroA150(Optimum=26524) kroA200(Optimum=29368)

𝑓 = 10, 𝑚 ⇒ 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75

ℳℳAS(𝜌 = 0.2) 22448 24542 25486 25722 29105 31609 32686 32921 33175 35900 37017 37207

ℳℳAS(𝜌 = 0.8) 22802 24698 25334 25480 29745 31762 32422 32578 33896 35987 36687 36802

ℳℳAS𝐴 22939 24704 25334 25439 29914 31796 32399 32545 34074 36044 36691 36744

ℳℳAS𝑆 22746 24367 24888 24991 29804 31341 31901 31965 33835 35567 36033 36223

𝑓 = 100, 𝑚 ⇒ 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75

ℳℳAS(𝜌 = 0.2) 21685 22162 22567 22692 27354 28446 28860 28885 30311 31618 32444 32528

ℳℳAS(𝜌 = 0.8) 21706 22054 22395 22526 27493 28189 28569 28653 30478 32329 31981 32077

ℳℳAS𝐴 21691 22021 22388 22471 27530 28121 28488 28566 30520 31267 31872 32014

ℳℳAS𝑆 21688 22124 22286 22320 27623 28033 28313 28411 30526 31185 31675 31641

C. Effect of the 𝜎 Parameter in ℳℳAS𝐴

The offline performance results of ℳℳAS𝐴 [16] with
different evaporation step size values are plotted in Fig. 2
for all DOPs. Note that the initial evaporation rate was set
to 𝜌(0) = 0.5.

When the evaporation step size is lower (e.g., 𝜎 ≤ 0.001),
the offline performance of the algorithm is better than when
the evaporation step size is higher (e.g., 𝜎 ≥ 0.005) on DOPs
with 𝑓 = 100 and with 𝑚 = 0.5 and 𝑚 = 0.75. In contrast,
the offline performance of the algorithm is competitive with
different 𝜎 values in DOPs with 𝑓 = 100 and with 𝑚 = 0.1
and 𝑚 = 0.25. When 𝜎 ≥ 0.005 the offline performance of the
algorithm is better than when 𝜎 is lower (e.g., 𝜎 = 0.001) in
DOPs with 𝑓 = 10 and 𝑚 = 0.1 and 𝑚 = 0.25 whereas when

𝜎 ≤ 0.001 the offline performance of the algorithm is better
than when 𝜎 is higher in DOPs with 𝑓 = 10 and 𝑚 = 0.5 and
𝑚 = 0.75. This is natural because the initial evaporation rate is
set to a high value, i.e., 𝜌(0) = 0.5, and a lower step will keep
the evaporation rate to a high value. A higher evaporation rate
achieves better performance in severely changing environments
as described in Section V-B. Similarly, these results support
our claim above that the performance of ℳℳAS𝐴 is also
dependent on the evaporation step size value.

D. Self-adaptive vs Adaptive Evaporation Rate

The experimental results regarding the offline perfor-
mance of the proposed ℳℳAS𝑆 algorithm compared with
ℳℳAS𝐴 and ℳℳAS with a fixed evaporation rate for



TABLE II. STATISTICAL RESULTS REGARDING THE OFFLINE PERFORMANCE ACO ALGORITHMS

Travelling Salesman Problem

Algorithms & DOPs kroA100 kroA150 kroA200

𝑓 = 10, 𝑚 ⇒ 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75

ℳℳAS𝑆 ⇔ ℳℳAS(𝜌 = 0.2) − + + + − + + + − + + +

ℳℳAS𝑆 ⇔ ℳℳAS(𝜌 = 0.8) ∼ + + + ∼ + + + ∼ + + +

ℳℳAS𝑆 ⇔ ℳℳAS𝐴 + + + + + + + + + + + +

𝑓 = 100, 𝑚 ⇒ 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75

ℳℳAS𝑆 ⇔ ℳℳAS(𝜌 = 0.2) ∼ ∼ + + ∼ + + + − + + +

ℳℳAS𝑆 ⇔ ℳℳAS(𝜌 = 0.8) ∼ ∼ + + ∼ + + + − + + +

ℳℳAS𝑆 ⇔ ℳℳAS𝐴 ∼ − + + ∼ + + + ∼ ∼ + +

all DOPs are presented in Table I. For ℳℳAS𝐴 the initial
evaporation rate was set to 𝜌(0) = 0.5 and the evaporation step
size was set to 𝜎 = 0.001 as in [16]. Two fixed evaporation
rates were used for ℳℳAS, i.e., 𝜌 = 0.2 and 𝜌 = 0.8,
indicating slow and fast adaptation, respectively, denoted as
ℳℳAS(𝜌). The corresponding statistical results are presented
in Table II, where Kruskal–Wallis tests were applied followed
by posthoc paired comparisons using Mann–Whitney tests
with the Bonferroni correction. In Table II, the results are
shown as “+”, “−” and “∼” when the first algorithm is
significantly better than the second one, when the second
algorithm is significantly better than the first one, and when the
two algorithms are not significantly different, respectively. In
Fig. 3, the dynamic offline performance for quickly and slowly
changing environments against the algorithmic iterations of the
algorithms are plotted to better understand the behaviour of
the ACO algorithms. From the experimental results, several
observations can be drawn.

ℳℳAS𝑆 significantly outperforms ℳℳAS𝐴 on most
DOPs (except when 𝑓 = 100 and 𝑚 = 0.1); see the
comparisons of ℳℳAS𝑆 ⇔ ℳℳAS𝐴 in Table II. It can
be observed from Fig. 3 that the proposed algorithm is able
to maintain better performance than its competitor during the
environmental changes.

When the environment changes slightly and slowly, the two
algorithms are comparable. This is possibly because, when the
environments are similar, a slow evaporation rate is required.
However, the initial evaporation rate of ⇔ ℳℳAS𝐴 is set
to 𝜌(0) = 0.5, which is considered as a high evaporation
rate. Regarding ℳℳAS𝑆 , different evaporation rate values,
including large values, may be used until the ants converge
to one (hopefully the optimum). This also supports the supe-
rior performance of ℳℳAS𝑆 against ℳℳAS𝐴 in severely
changing environments. For example, ℳℳAS𝐴 performs
always small constant adjustments to the evaporation according
to the 𝜎 value used (i.e., 𝜎 = 0.001) whereas ℳℳAS𝑆

performs either small or large adjustments according to the
different evaporation rate values selected.

E. Self-adaptive vs Fixed Evaporation Rate

Considering Tables I and II and Fig. 3, it can be observed
that ℳℳAS𝑆 is significantly better than ℳℳAS(𝜌 = 0.2)
on most DOPs with 𝑚 = 0.25, 𝑚 = 0.5 and 𝑚 = 0.75
whereas the latter is significantly better than the former on
most DOPs with 𝑚 = 0.1. This is because a slow evaporation

rate is not the best choice when the environmental changes are
severe. This can be observed from Table I, whereℳℳAS(𝜌 =
0.8) achieves better performance than ℳℳAS(𝜌 = 0.2) in
severely changing environments whereas the former achieves
better results than the latter in slightly changing environments.
In fact, the results ofℳℳAS(𝜌 = 0.2) andℳℳAS(𝜌 = 0.8)
are the optimum fixed evaporation rates for environments with
𝑚 = 0.1 and for environments with 𝑚 = 0.25, 𝑚 = 0.5 and
𝑚 = 0.75, respectively.

In contrast, ℳℳAS𝑆 significantly outperforms
ℳℳAS(𝜌 = 0.8) on most DOPs. Although ℳℳAS𝑆

generally has good performance, it can be observed that
it inherits the bad performance when fast evaporation rate
(e.g., ℳℳAS(𝜌 = 0.8)) is used when the dynamic change
is small. This is probably because most of the random
numbers generated as discrete points represent a high value of
evaporation rate. Therefore, previous knowledge is eliminated
quickly from the pheromone trails that could be useful in
changing environments that are similar (e.g., 𝑚 = 0.1).

VI. CONCLUSIONS AND FUTURE WORK

The pheromone evaporation rate has a significant impact
on the performance of ACO algorithms for DOPs. Different
evaporation rates perform better on different DOPs. This paper
introduces a self-adaptive evaporation rate where ants are
responsible to select an appropriate value for the evaporation
rate while tackling the problem. The evaporation rate was
previously adapted and showed promising results in [16]. The
main difference between the previous adaptive method and the
self-adaptive method proposed in this paper lies in that in the
former method the evaporation rate is modified according to
some rules that consider the search behaviour of the ACO
algorithm whereas in the latter method the evaporation rate is
integrated into the ACO search task [25]. In the experiments,
the ACO with a self-adaptive evaporation rate was compared
with two ACO algorithms: one with the adaptive rate and
another with a fixed evaporation rate. From the experimental
results, several concluding remarks can be drawn.

First, the initial evaporation rate and evaporation step size
of the adaptive evaporation method [16] affect the performance
of the ACO algorithm. Second, the advantage of the self-
adaptive evaporation method against the adaptive evaporation
rate is that two parameters within the adaptive evapora-
tion scheme are eliminated. Furthermore, the proposed self-
adaptive evaporation method performs better than the existing
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Fig. 3. Dynamic offline performance of ACO algorithms in different changing environments.

adaptive evaporation method in most dynamic test cases. This
is because the adaptive method performs constant adjustments
to the evaporation rate whereas the self-adaptive method per-
forms adjustments according to the value selected probabilis-
tically by ants. Third, a fixed evaporation rate seems a better
choice when the environment changes slightly. This is because
the adaptive or self-adaptive evaporation rate may reach high
evaporation rates and destroy previous knowledge from the
pheromone trails. In contrast, the self-adaptive evaporation rate
seems a better choice when the environment changes severely.

For future work, it would be interesting to also self-adapt
local ACO parameters (e.g., 𝛼 and 𝛽) instead of global ACO

parameters (e.g., 𝜌) when addressing DOPs using ACO algo-
rithms. Furthermore, a better calibration of the discrete points
of the self-adaptive method may improve the consistency on
different dynamic test cases, e.g., achieve better performance
on DOPs with 𝑚 = 0.1.
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