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Traditional ant colony optimization (ACO) algorithms have difficulty in addressing dynamic optimiza-
tion problems (DOPs). This is because once the algorithm converges to a solution and a dynamic change
occurs, it is difficult for the population to adapt to a new environment since high levels of pheromone
will be generated to a single trail and force the ants to follow it even after a dynamic change. A good
solution to address this problem is to increase the diversity via transferring knowledge from previous
environments to the pheromone trails using immigrants schemes. In this paper, an ACO framework for
dynamic environments is proposed where different immigrants schemes, including random immigrants,
elitism-based immigrants, and memory-based immigrants, are integrated into ACO algorithms for solv-
ing DOPs. From this framework, three ACO algorithms, where immigrant ants are generated using the
aforementioned immigrants schemes and replace existing ants in the current population, are proposed
and investigated. Moreover, two novel types of dynamic travelling salesman problems (DTSPs) with traf-
fic factors, i.e., under random and cyclic dynamic environments, are proposed for the experimental study.
The experimental results based on different DTSP test cases show that each proposed algorithm performs
well on different environmental cases and that the proposed algorithms outperform several other peer
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1. Introduction

Ant colony optimization (ACO) algorithms emulate the
behaviour of real ant colonies when they search for food from their
nest to food sources. Ants communicate via their pheromone trails
in order to complete this “food-searching” task as efficiently as
possible. ACO algorithms have proved to be effective optimization
methods in many real-world applications [16,17,20,42].

Traditionally, researchers have focused on ACO to address static
optimization problems (SOPs), e.g., the travelling salesman prob-
lem (TSP). For SOPs, the environment remains fixed during the
execution of algorithms [3,5,34]. However, in many real-world
problems, we have to deal with dynamic environments [31]. For
dynamic optimization problems (DOPs), the problem may change
over time regarding the objective function, decision variables,
problem instance, constraints, and so on. Such uncertainties may
change/move the optimum, and, thus, the problem becomes more
challenging and has much in common with many real-world
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scenarios. The aim, when solving SOPs, is to obtain an optimal
or near-optimal solution efficiently, whereas for DOPs the aim is
to track the optimal solution over time with the environmental
changes.

ACO algorithms can adapt to dynamic changes since they
are inspired from nature, which is a continuous adaptation pro-
cess [31]. More precisely, they can adapt to dynamic changes by
transferring knowledge from past environments [7]. However, tra-
ditional ACO algorithms cannot adapt well to dynamic changes
once the ants reach the stagnation behaviour, where ants follow
the same path, since the pheromone will be distributed into a single
trail. Therefore, using the pheromone trails of the previous environ-
ment in the new environment will not be sufficient since ants will
be biased by the previous path even after a dynamic change. The
algorithm loses its adaptation capability since it does not maintain
the diversity within the population. A simple way to address this
problem is to consider every change as the arrival of a new problem
instance which needs to be solved from scratch and re-initialize the
pheromone trails. However, this restart strategy is computationally
expensive and usually not efficient.

Recently, developing strategies for ACO algorithms to enhance
their performance for DOPs and increase their adaptation capabil-
ities has attracted a lot of attention [11]. The strategies developed
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include: (1) local and global restart strategies [27]; (2) pheromone
manipulation schemes to maintain or increase diversity [21,35,37];
(3) memory-based approaches [25,28]; and (4) memetic algo-
rithms [36]. These methods have been applied to different types of
dynamic TSPs (DTSPs) due to its importance for many real-world
applications [39,42].

As we have seen in many evolutionary algorithms (EAs) for
binary-encoded DOPs, immigrants schemes are effective when
applied to different DOPs [49,51,55,60]. Immigrants enable an
EA to maintain the diversity of the population at a certain
level, by introducing new individuals into the current popula-
tion [24]. A good start has been made on ACO algorithms for
permutation-encoded DOPs, where immigrant ants are generated
to the population [35,37]. In [35], the random immigrants ACO
(RIACO) and elitism-based immigrants ACO (EIACO) have been
applied on a DTSP where the cities are exchanged with other cities
stored in a spare pool over time. In [37], the memory-based immi-
grants ACO (MIACO) has been applied on a DTSP with traffic factors.
The difference between RIACO, EIACO, and MIACO lies on the way
immigrants are generated. In RIACO, EIACO, and MIACO, immi-
grants are generated randomly, using the best ant from the previous
environment as the base to generate immigrants, and using the best
ant from a memory as the base to generate immigrants, respec-
tively.

In this paper, we further investigate the performance of ACO
algorithms with immigrants schemes on different dynamic test
cases. RIACO, EIACO and MIACO are applied on two novel varia-
tions of DTSPs, e.g., DTSP with random and cyclic traffic factors, and
they are systematically constructed from several static TSP problem
instances. A series of different DTSPs are generated to investigate
the weaknesses and strengths of RIACO, EIACO, and MIACO for solv-
ing DTSPs. This paper also carries out experiments on sensitivity
analysis with respect to several important parameters, such as the
immigrants replacement rate, the size of the memory structures
used in the proposed framework and the range of the traffic fac-
tors, on the performance of the investigated ACO algorithms for
DTSPs. Moreover, the proposed algorithms are compared against
several peer ACO algorithms on DTSPs.

The rest of the paper is organized as follows. Section 2 describes
the field of dynamic optimization. Section3 describes the pro-
posed DTSPs variations. Section 4 describes a conventional ACO for
DOPs. Section 5 describes existing approaches on different DTSPs.
Section 6 first describes the framework of ACO algorithms with
immigrants schemes and then describes the proposed algorithms.
Section 7 presents and analyzes several experimental studies for
different key parameters and compares the proposed algorithms
with existing ones. Finally, Section 8 concludes this paper with dis-
cussions on the directions for future work.

2. Dynamic optimization
2.1. A briefintroduction

A DOP can be intuitively defined as a sequence of several static
problem instances that are linked under some dynamic rules. The
main aspects of “dynamism” are the frequency and magnitude of
environmental changes. The former corresponds to the speed at
which environmental changes occur and the latter corresponds to
the degree of environmental changes. An environmental change
may involve factors like the objective function, input variables,
problem instance, constraints, and so on.

Formally, a DOP can be defined as follows:

IT = (X(t), (0), f(t)er (1)

where I1 is the optimization problem, X(t) is the search space, 2(t)
is a set of constraints, f(t) is the objective function, which assigns
an objective value to each solution x € X(t), where all of them are
assigned with a time value t, and T is a set of time values.

2.2. Approaches to dynamic optimization

Mainly, the research to address DOPs is focused on EAs, which is
otherwise known as evolutionary dynamic optimization (EDO). EAs
are able to transfer knowledge since the information of previous
environment is stored in the population of individuals of the pre-
vious iterations. However, the individuals in the old environment
may not be feasible for the new one. But, if they are re-evaluated or
repaired, they may transfer valuable information. Several surveys
are available for EDO [31,41,54].

For DOPs, once the population converges to an optimum, then
it is difficult for the population to track the moving optimum after
a change. Many strategies have been proposed and integrated with
EAs to improve the re-optimization time and maintain a high qual-
ity of the output efficiently, simultaneously. The main contributions
of these strategies can be categorized as: (1) increasing diversity
after a dynamic change [12,46]; (2) maintain diversity during the
execution via immigrants schemes [24,49,51,55,60]; (3) memory-
based schemes [50,59]; (4) multi-population approaches [9,45,48];
and (5) hybrid and memetic algorithms [49,47].

2.3. Immigrants schemes for EAs

Among the approaches described above, immigrants schemes
have been found beneficial when applied to EAs for many binary-
encoded DOPs [49,51,55,60,62]. Immigrants schemes work by
replacing a predefined portion of individuals in the current popula-
tion with new immigrants in each generation. Random immigrants
were introduced to EAs in order to increase the diversity within the
population and enhance their performance for DOPs [24]. Accord-
ing to the experiments in [13], random immigrants perform well
when dynamic changes occur frequently and the changing envi-
ronments are not similar.

Elitism- and memory-based immigrants were introduced to EAs
in order to address DOPs with slightly and slowly changing envi-
ronments [49,51]. For the elitism-based immigrants scheme, the
best individual from the previous population is used as the base
to generate immigrants via mutation, while for the memory-based
immigrants scheme, the best individual from an external memory
is used as the base to generate immigrants via mutation. Moreover,
hybrid immigrants were proposed [55], where random and elitism-
based immigrants are combined to improve the performance of
elitism-based immigrants in significantly changing environments,
while they degrade the performance in slightly changing environ-
ments.

2.4. Benchmark DOPs

Muchresearch on dynamic optimization has been done with EAs
on binary-encoded DOPs, such as the one-max problem, royal road
problem, plateau problem, and knapsack problem [49,60]. Usually,
the XOR DOP generator proposed in [56] is used to convert any
binary-encoded static problem into DOPs with different properties.

On the other hand, the research on ACO for DOPs is focused
on permutation-encoded problems, such as TSPs and vehicle rout-
ing problems (VRPs). It is fair to say that the research on ACO for
permutation-encoded DOPs is still in its infancy when compared
with the research on EAs for DOPs. For example, the quantity of
contributions on EAs for DOPs is massive, whereas almost all con-
tributions on ACO for DOPs are described in Section 5.



M. Mavrovouniotis, S. Yang / Applied Soft Computing 13 (2013) 4023-4037 4025

Table 1
Mathematical symbols used in this paper.
Symbol Description
G=(V,E) Fully connected weighted graph
Vv Set of vertices
E Set of edges
n Number of cities (vertices)
dj Distance (or travel time) between cities i and j
tij Traffic factor between cities i and j
(i,) Connection between cities i and j
f Frequency of dynamic change
m Magnitude of dynamic change
F Minimum limit of the traffic factor
Fy Maximum limit of the traffic factor
R Random number
P Pheromone evaporation rate
qo Decision rule parameter to adjust exploration/exploitation
t Current iteration count
P(t) Population of ants for iteration t
To Initial pheromone trail value
Tmax Maximum pheromone trail value
Kiong(t) Long-term memory for iteration t
K; Size of the long-term memory
Kshore(t) Short-term memory for iteration t
K; Size of the short-term memory
r Immigrant ant replacement rate
Sii Set of random immigrant ants
Sei Set of elitism-based immigrant ants
Smi Set of memory-based immigrant ants
tm Iteration number where the next memory update will occur
0 Ant’s population size
rc Random city
xbs Global best solution
xib Iteration best solution
xelite Best solution for a given environment
X" Random ant
xem Most similar ant in long-term memory
xmb Best ant in long-term memory

3. Dynamic travelling salesman problems
3.1. Static TSPs

The TSP is one of the most fundamental AP-complete combina-
torial optimization problems (COPs). It can be described as follows:
Given a collection of cities, we need 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. Usually, the prob-
lem is represented by a fully connected weighted graph G=(V, E),
where V={0, ..., n} is a set of vertices and E={(i,j):i # j} is a set
of edges. The collection of cities is represented by the set V and
the connections between them by the set E. Each connection (i, j)
is associated with a non-negative value d;; which represents the
distance between cities i and j.

Formally, the TSP can be described as follows:

O =miny ™ "dyy, )

i=0 j=0
subject to:

1, if(i, j)is used in the tour,
¥y = { ! (3)

0, otherwise,

where v;; € {0, 1}, n is the number of cities, and dj; is the distance
between city i and j. For the convenience of readers we list some
key mathematical symbols used in the paper in Table 1.

3.2. Dynamic TSPs

Traditionally, researchers have focused on the static TSP, in
which the problem remains unchanged during the execution of an

algorithm. In evidence, a lot of algorithms, either exact algorithms
or approximation algorithms (or heuristics), have been proposed
to solve the static TSP [33,38,43].

However, in many real-world applications, we have to deal with
DOPs. The challenges to algorithms in solving A’P-complete COPs
with static environment are well known in terms of computational
complexity [22]. Therefore, addressing A’P-complete COPs with
dynamic environment, is even more challenging for algorithms
because the objective is not only to locate the global optimum
efficiently, but to also track it over the environmental changes [10].

The TSP becomes more realistic if it is subject to a dynamic
environment. For example, a salesman wants to distribute items
sold in different cities starting from his home city and returning
after he visited all the cities to his home city again. The task is to
optimize his time and plan his tour as efficiently as possible. There-
fore, by considering the distances between cities it can generate the
route and start the tour. However, it is difficult to consider traffic
delays that may affect the route. Traffic delays may change the time
planned beforehand, and the salesman will need a new alternative
route fast to avoid long traffic delays and optimize his time again.

Guntsch et al. [25] proposed a DTSP in which a number of cities
are exchanged between the actual problem instance and a spare
pool of cities. The same benchmark problem has been adapted in
[35,36]. Eyckelhof and Snoek proposed the DTSP where the cost of
the cities’ arcs varies [21]. A similar benchmark has been adapted
in [37] to represent potential traffic. Younes et al. [58] introduced a
benchmark DTSP with different modes, in which each mode intro-
duces a different dynamic. Kilby et al. [32] proposed a benchmark
for the dynamic VRP (DVRP) where customer requests are revealed
incrementally. The same benchmark has been adapted by Monte-
manni et al. [39].

3.2.1. DTSPs with random traffic jams

In this paper, we generate DTSPs via introducing the traffic fac-
tor. We assume that the cost of the link between cities i and j is
djj x tjj, where dj; is the normal travelled distance and t;; is the traffic
factor. Every fiterations of running an algorithm, a random number
Re|[F;, Fy] is generated to represent potential traffic jams, where
F; and Fy are the lower and upper bounds of the traffic factor t;;,
respectively. Each link between cities i and j has a probability m to
add traffic, by generating a different R to represent low, normal or
high traffic jams on different roads, whereas the remaining links
are set to t;; = 1, which indicates no traffic.

For example, roads with high traffic are generated by setting R
values closer to Fy with a higher probability, while for roads with
low traffic, a higher probability is given to generate R values closer
to F;. This type of DTSPs are denoted random DTSPs in this paper
because previously visited environments are not guaranteed to re-
appear.

3.2.2. DTSPs with cyclic traffic jams

Another variation of the DTSP with traffic factors is the DTSP
where the dynamic changes occur with a cyclic pattern, as
illustrated in Fig. 1. In other words, previous environments are
guaranteed to appear again in the future. Such environments are
more realistic than random ones. For example, they represent a
24-h traffic jam situation in a day.

A cyclicenvironment can be constructed by generating different
dynamic cases with traffic factors as the base states, representing
DTSP environments with either low, normal, or high traffic. Then,
the environment cycles among these base states in a fixed logical
ring. Depending on the period of the day, environments with dif-
ferent traffic factors can be generated. For example, during the rush
hour periods, a higher probability is given to generate R closer to Fy,
whereas during evening hour periods, a higher probability is given
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cyclic dynamic changes @

ON

environments with low traffic

Fig. 1. Illustration of a cyclic dynamic environment with 8 states. Each node repre-
sents a different environment where white, light grey, and dark grey, represent low,
normal, and high traffic jams, respectively.

to generate R closer to F;. This type of environments are denoted as
cyclic DTSPs in this paper.

4. Conventional ACO algorithms
4.1. MMAS for TSPs

The first ACO algorithm, called Ant System (AS), was introduced
for the static TSP [14]. Thereafter, many variations of the AS have
been applied to solve difficult optimization problems [6,15,18,20].
ACO algorithms consist of a population P(t) of i ants that con-
struct solutions, e.g., tours in the TSP, and update their trails with
pheromone according to the solution quality every iteration t.
Considering the TSP, the ants “walk” on the links between the cities,
where they “read” pheromone from the links or “write” additional
pheromone to the links.

One of the best performing ACO algorithm for the TSP is the
MAX-MIN AS (MMAS)[43,44]. More precisely, with a probability
1—qo, where 0 <qg <1 is a parameter of the decision rule, an ant
k in MMAS chooses the next city j while the last city visited is i,
probabilistically, as follows:

f:M,if je Nk, (4)
y 197,18 1
Z[e_\,’;c[le] (7]

where 7;; is the existing pheromone trail between cities i and j,
nij=1/d; is the heuristic information available a priori, where dj;
is the distance between cities i and j. /\4‘ denotes the neighbour-
hood of cities for ant k when the current city is i. « and B are
the two parameters which determine the relative influence of 7
and 7, respectively. With the probability qg, ant k chooses the next
city j, with the maximum probability, which satisfies the following
formula:

j=argmax (ty[ny]”). (5)
leN!‘

The pheromone trails in MMAS are updated by applying evap-
oration as follows:

tl] %(17p)TU,V(l,]), (6)

where p is the evaporation rate which satisfies 0<p <1, and 7;; is
the existing pheromone value. After pheromone evaporation the
best ant deposits pheromone as follows:

T < T+ ATU V(. j) € TS, 7)

where At,.lj’.e“ = 1/Cbest is the amount of pheromone that the best

ant deposits and C?¢st defines the solution quality of tour T?¢st, Since
only the best ant deposits pheromone, the algorithm will quickly
converge towards the best solution of the first iteration. Therefore,
pheromone trail values are imposed to lower and upper limits, T,
and tmay, respectively, in order to avoid stagnation behaviour.

4.2. MMAS for DTSPs

Differently from EAs, the research on ACO for DOPs is still infant.
ACO algorithms are able to use knowledge from previous envi-
ronments using the pheromone trails generated in the previous
iterations. They also have adaptation capabilities due to pheromone
evaporation [7]. For example, when a dynamic change occurs, evap-
oration will eliminate the pheromone trails concentrated to the old
optimum. In this way, the population of ants will be flexible enough
to track the moving optimum.

ACO algorithms are robust since they can accept any knowl-
edge transferred via their pheromone trails: when the information
is useful then it is considered; otherwise, it is destroyed after a
few iterations, depending on the evaporation rate. However, the
time required to adapt to the new environment may depend on the
problem size and the magnitude of a dynamic change. When the
environment changes significantly, then it will take an ACO algo-
rithm longer to eliminate unused pheromone trails. On the other
hand, pheromone evaporation may destroy information that can be
used on further environments, since a bad solution in the current
environment may be good in the next environments [2,21]. Several
strategies have been proposed to enhance the performance of con-
ventional ACO algorithms in dynamic environments and they are
described in the next section.

5. Strategies integrated to ACO for DTSPs

Over the years, several ACO-based approaches have
been introduced to address different variations of DTSPs
[21,26,27,35,37]. The simplest way is to restart the algorithm
after a change by re-initializing the pheromone trails with the
same pheromone value [23,44] if a sufficient time to re-optimize
is available. According to Jin and Branke [31] “the re-optimization
time is usually short in DOPs”. Furthermore, a restart strategy
requires the detection of a change, which may not be applicable in
some cases, e.g., dynamic environments with noise.

Guntsch and Middendorf [27] proposed local restart strate-
gies for the DTSP, where the topology of cities changes. Similar
to the global restart strategy [23,44], local restart strategies need
to detect the changes, and also take into account where the
change of the problem instance actually occurs. Therefore, instead
of re-initializing all the pheromone trails, the pheromone trails
of the cities affected by the dynamic changes, i.e., inserted or
removed cities, are re-initialized. Of the two local restart strate-
gies, the n-strategy uses heuristics-based information to modify the
pheromone trails, whereas the 7-strategy uses pheromone-based
information. The experimental results show that the n-strategy
outperforms the t-strategy and the global restart strategy [27].

Eyckelhof and Snoek [21] considered a different DTSP where
the distances between cities change with time, representing
sudden changes in the traffic. A “shaking” technique was pro-
posed to AS where the pheromone trails are smoothed after a
dynamic change and it has been compared with a traditional
AS, with and without the global restart strategy, respectively.
The experimental results show that their proposed approach is
comparable with the other two AS variations in small problem
instances.
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One of the most studied approaches is the memory-based
version of traditional ACO, known as the population-based ACO
(P-ACO) [26]. It uses a different framework from a traditional
ACO algorithm since it has a population-list (memory), denoted
as kjong(t), where the best ant of every iteration t is added. Since
kiong(t) is of a limited size (denoted as K;), another ant needs to be
removed in order to make space for a new one using the first-in-
first-out policy. The pheromone trails are generated according to
the solutions currently stored in kj,ne(t) and there is no pheromone
evaporation in P-ACO. P-ACO has been applied on a DTSP where a
small portion of cities are replaced by others. When the dynam-
ics affect the ants stored in kjo,g(t), they are repaired heuristically
using the keep-elitist strategy [28]. The experimental results show
that P-ACO is comparable with an ACO algorithm with the global
restart strategy and the n-strategy.

Moreover, variations of the P-ACO have been proposed later
on where co-evolutionary approaches are integrated to the
population-list, e.g., fitness sharing P-ACO (FS-PACO) and simple
crowding P-ACO (SC-PACO) [1]. The main idea of these variations
is to maintain the diversity in order to avoid the redundancy of the
same ant within the population-list. A recent variation of P-ACO is
the memetic ACO (M-ACO) where a local search based on simple
and adaptive inversions is applied to the population-list in parallel
with a diversity maintenance scheme based on random immigrants
[36].

A good start has been made regarding the integration of immi-
grants schemes with ACO algorithms for permutation-encoded
DOPs [35,37], considering the good performance and simplicity of
immigrants schemes for DOPs and the EA characteristics of P-ACO.
In [35], the RIACO and EIACO algorithms have been applied on a
DTSP where the topology of cities change over time. In [37], the
MIACO algorithm has been applied on the DTSP with traffic factors.
The difference between RIACO, EIACO, and MIACO lies in that immi-
grants are generated randomly in RIACO, whereas immigrants are
generated via transferring knowledge in EIACO and MIACO using
the inver-over operator [29]. The algorithms have shown promising
performance on some DTSPs according to our preliminary studies
[35,37].

This paper extends the experiments based on two other vari-
ations of DTSPs described in Section 3. A series of different DOPs
are generated to investigate the weakness and strength of RIACO,
EIACO, and MIACO for solving DTSPs. This paper also carries out
experiments on sensitivity analysis with respect to several impor-
tant parameters, such as the immigrants replacement rate and
the size of the memory used, on the performance of the inves-
tigated ACO algorithms. Moreover, the proposed algorithms are
compared against several other peer ACO algorithms on the test
DTSPs.

6. Proposed ACO algorithms for the DTSP
6.1. The framework of ACO with immigrants schemes

The framework of conventional ACO algorithms, e.g.,, MMAS,
is based on a “virtual” population of ants that construct solutions
and deposit pheromone. Artificial ants move from one city to the
next city probabilistically until they generate feasible solutions,
and then change the pheromone information. The solutions gen-
erated by the ants are not stored in an actual population, but only
in the pheromone trails, which are used by the ants of the next
iteration to find better solutions. On the contrast, the framework of
EAs is based on an actual population of feasible solutions which is
directly transferred from one iteration to the next using selection
[30,38]. Variation operators, i.e., crossover and mutation, are used
to generate the new population of solutions (usually better than
the previous ones).

The P-ACO algorithm is based on ants that construct solutions,
where the best solution of each iteration is stored in an actual pop-
ulation, i.e., Kjong(t), as in EAs and is transferred directly to the next
iteration. The solutions in the population are then used to update
the pheromone information for the ants of the next iteration. The
population-list is updated every iteration t.

The proposed framework of ACO algorithms with immigrants
schemes is motivated from the EA characteristics of the P-ACO
framework and the good performance of immigrants schemes
in EAs for DOPs. Considering that P-ACO maintains a population
of solutions, immigrant ants can be generated and replace ants
in the current population. The aim of the proposed framework
is to maintain the diversity within the population and trans-
fer knowledge from previous environments to the pheromone
trails of the new environment. The main idea is to generate the
pheromone information for every iteration, of running the algo-
rithm, considering information from the previous environment
and extra information from the immigrants schemes. Therefore,
instead of using a long-term memory, i.e., kng(t) as in P-ACO, a
short-term memory, denoted as kgpo(t), is used, where all ants
stored from iteration t— 1 are replaced by the K best ants of the
current iteration t, where Kj is the size of kg0 (t). Moreover, a num-
ber of immigrant ants are generated and replace the worst ants
in Kspore(t).

The benefits of using kqp,,¢(t) are closely related to the survival of
ants in a dynamic environment, where no ant can survive in more
than one iteration. For example, in iteration ¢, if ants are stored
from iteration t — 2 and an environmental change occurred in iter-
ation t — 1, then the solutions may not be feasible for the current
environment in iteration t, and hence need to be repaired as in the
P-ACO. Usually, a repair procedure is computationally expensive,
and requires prior knowledge of the problem.

6.2. Construct solutions and pheromone update

The solution construction is the same as the traditional ACO,
where all ants are randomly placed on cities and select the next city
probabilistically, using Eq. (4). However, the pheromone update dif-
fers from both MMAS and P-ACO. Every iteration, the pheromone
matrix is associated with kg0 (t) and any change to ko (t+1) is
reflected on the pheromone trails. For example, when the worst
ants are replaced by immigrant ants, the pheromone trails of each
k-th worst ant are removed, as follows:

Tj < T — AT V(L ) e T, (8)

where T¥ represents the tour of ant k and Ar}]‘, = (Tmax — T0)/Ks,
where Tmax and 79 denote the maximum and initial pheromone
values, respectively. Furthermore, the pheromone trails of each k-th
immigrant ant are added, as follows:

Ty < T + ATE V(L ) e T, (9)

lj’

where A‘L',.’;. and T* are as defined in Eq. (8). This mecha-
nism keeps the pheromone trails between a certain value 7,
which is equal to 7o, and a Tpg value, which can be calcu-
lated by 7o + Zf; Ar{;. We have seen previously the importance
to keep the pheromone trails to a certain level on the MMAS
algorithm [19,43].

From the above framework, three ACO algorithms can be instan-
tiated based on random immigrants, elitism-based immigrants,
and memory-based immigrants schemes, respectively. They are
described in the following sections, respectively.
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Algorithm 1. RIACO and EIACO
1: t<0
2: P(0)<« InitializePopulation(u)
3 InitiliazePheromoneTrails(zo)
4: ksnore(0)<— empty
5: xS — empty solution
6: while (termination condition not satisfied) do
7 P(t)<« ConstructAntSolutions
8: Kshort(t)< AddBestAnts(K;)
9: if (t=0) then

10: UpdatePheromone(Kspore(t))

11: else

12: if (RIACO is selected)

13: S;i< GenerateRandomImmigrants(r)

14: Kshore(t)«< ReplaceAntsWithImmigrants(S,;)
15: end if

16: if (EIACO is selected) then

17: xelite  FindBest(P(t — 1))

18: Sei<GenerateGuidedlmmigrants(x°!ite r) using Algorithm 2
19: Kshore(t)< ReplaceAntsWithImmigrants(S,;)
20: end if

21: UpdatePheromone(Kspor(t))

22: end if

23: X — FindBest(P'(t))

24: if (f1x"?) < flx"*)) then

25: xbs — xib

26: end if

27: t<t+1

28: end while

29: return x

6.3. Random immigrants ACO (RIACO)

Random immigrants have been found to perform well with
ACO for the DTSP since they maintain a certain level of diver-
sity during the execution [35]. The principle is to introduce new
randomly generated immigrant ants and replace the worst ants
in Kgpore(t). RIACO follows the framework described above where
kshore(t) is used instead of kjo,g(t). All the ants of the current iter-
ation replace the old ones, instead of only replacing the oldest
one as in P-ACO. Therefore, when ants are removed, a nega-
tive update is made to their pheromone trails as in Eq.(8), and
when new ants are added, a positive update is made to their
pheromone trails as in Eq.(9). However, before the pheromone
trails are updated, a set S,; of rx Ks immigrants are randomly
generated to replace other ants in kgo¢(t), where r is called
the replacement rate. The pseudo-code of RIACO is presented in
Algorithm 1.

It is claimed that “the continuous adaptation of ACO algorithms
makes sense only when the environmental changes of a problem
are small to medium” [8]. This is due to the fact that a new envi-
ronment has a high chance to be similar with the old one. After a
change occurs, transferring knowledge from the old environment to
the pheromone trails may move the ants into promising areas in the
new environment. Considering this argument, we expect RIACO to
perform well in quickly and significantly changing environments,
since knowledge is not transferred and the diversity is generated
randomly.

6.4. Elitism-based immigrants ACO (EIACO)

The RIACO algorithm works by introducing random ants into
kshore(t) as described in Section 6.3. This may increase the diversity
and improve the performance of ACO algorithms in DTSPs. How-
ever, the pheromone information generated by random immigrants
may misguide the ants from tracking the optimum during slight
environmental changes. As a result, random immigrants may gen-
erate a high level of diversity and degrade the performance of ACO
on DTSPs because of randomization.

Algorithm 2. GenerateGuidedimmigrant(xelite, r)

1: Xelite' <« xelite

2: rc< SelectRandomCity(xelite’)

3: while (termination condition not satisfied) do
4: if (rand[0.0, 1.0] < 0.02) then

5: e < SelectNewRandomCity(xelite')

6: else

7: X"« SelectRandomAnt(P(t))

8: re < NextCity(re +1,x") ex”

9: end if

10: if (ro =rc+ 1 e x¥lit® orre = rc — 1 € x°lit¢’) then
11: break

12: else

13: Inversion(rc +1,r¢) € xelite’

14: Te<To

15: end if

16: end while

17: return xi®’ |/ guided immigrant generated

In order to generate guided diversity, EIACO was proposed to
address the DTSP by transferring knowledge from the previous
environment [35]. For each iteration t, within EIACO, the elite ant
from the previous environment, i.e., the best ant from P(t—1), is
used as the base to generate a set S,; of  x K elitism-based immi-
grants using the inver-over operator [29] presented in Algorithm
2, where two cities are selected and the segment between them is
reversed. The pseudo-code of EIACO is also shown in Algorithm 1.

In cases where the changing environments are similar, e.g., the
magnitude of change is small, and when the population has suffi-
cient time to converge into a good solution in the previous environ-
ment, EIACO may be beneficial. Transferring the knowledge gained
from the previous environment, using guided immigrants, to the
pheromone trails of the new environment will guide the population
of ants to promising areas of the new environment quickly. How-
ever, if too much information is transferred, the run may start near
a local optimum, and will get stuck there. Therefore, in some cases
with slightly changing environments, EIACO may not perform well.

6.5. Memory-based immigrants ACO (MIACO)

MIACO is a generalized version of EIACO since not only the best
ant from the previous environment, but the best ant among several
previous environments is considered as the base to generate immi-
grants in MIACO. The only difference between MIACO and EIACO
lies in that MIACO uses both kgyo(t) and kijong(t), where the first
type of memory is updated and used as in RIACO and EIACO. The
second type of memory is initialized with random ants and updated
by replacing any of the randomly initialized ants, if they still exist
in the memory, with the best-so-far ant; otherwise, the closest ant
in the memory is replaced with the best-so-far ant if the best-so-far
ant is better. Note that the update strategy of kjy,g(t) in MIACO is
different from that in P-ACO regarding which ant to replace, since
in MIACO the most similar memory updating strategy is used [8],
whereas in the default P-ACO, the new ant replaces the oldest one.
In MIACO, a metric of how close ant p is to ant q is used and is
defined as follows:

CE,
M(paq): _%7 (10)

where cg,,, is defined as the number of common edges between the
solution of ant p and the solution of ant g, and n is the number of
cities. A value M(p, q) closer to 0 means that the ants are closer since
they are more similar [1].

Apart from which ant is replaced in kj,ng(t), the update strategy
of MIACO is different from the one used in P-ACO with respect to
when an ant is replaced. In P-ACO, the update occurs every itera-
tion, whereas in MIACO the update occurs whenever a dynamic
change occurs in order to store useful solutions from different
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environments. Therefore, for each iteration t within MIACO, the
ants in kjne(t) are re-evaluated in order to be valid with the new
environment and to detect an environmental change. Note that
an environmental change is detected if there is a change in the
total cost of kjone(t) (if applicable). Then, the best ant from kj,e(t) is
selected and used as the base to generate a set S,;; of r x Ks memory-
based immigrants using Algorithm 2. The pseudo-code of MIACO is
presented in Algorithm 3.

Algorithm 3. MIACO
1: t<0
2: P(0)« InitializePopulation(u)
3 InitializePheromoneTrails( 7o)
4: Ksnort(0) < empty
5: kiong(0)<« InitializeRandomly(K;)
6: ty < rand([5, 10]
7 xbs — empty solution
8 while (termination condition not satisfied) do
9: P(t)<« ConstructAntSolutions
10: Kshore(t)«< AddBestAnts(K;)

11: if(t =ty or dynamic change is detected) then
12: UpdateMemory(kiong(t)) using Algorithm 4
13: ty < t+rand[5, 10]

14: end if

15: if (t=0) then

16: UpdatePheromone(Kspore(t))

17: else

18: xelite  FindBest(Kiong(t))

19: Smi< GenerateGuidedImmigrants(x¢¢ r) using Algorithm 2
20: Kshore(t)< ReplaceAntsWithiImmigrants(S,;)
21: UpdatePheromone(Kspore(t))

22: end if

23: xi — FindBest(P'(t))

24: if (f(x?) <flx>s)) then

25: xbs — xib

26: end if

27: tt+1

28: klang([) « klung(t* 1)

29: end while

30: return x>

However, the update does not depend only on the detection of
dynamic changes since in some real-world applications it is not
easy or possible to detect changes, as discussed previously. For
example, in DTSPs, noise may be added in every iteration of the
algorithm apart from the traffic factor, which may also indicate
environmental changes using the detection mechanism described
above. Hence, the algorithm will not be able to distinguish whether
the change of the fitness in a solution is because of noise or an envi-
ronmental change. The change detection mechanism will not work
properly because it will detect changes in every iteration due to
the noise. Therefore, instead of updating kjog(t) only in a fixed time
interval, e.g., every fiterations, which is dependent on the dynamic
changes, kjong(t) is also updated in a dynamic pattern as presented
in Algorithms 3 and 4. On every update of kjng(t), a random number
Re[5, 10] is generated, which indicates the next update time. For
example, if the memory is updated at iteration t, the next update
will occur at iteration ty=t+R [53,57] (if no change is detected
before iteration ty;).

Algorithm 4. UpdateMemory(kjong(t))
1: if (t=ty) then
2: xMb  FindBest(P(t))

3 end if

4 if (dynamic change is detected) then

5: x™b  FindBest(P(t — 1))

6: end if

7: if (still any random ant in Kjo,e(t)) then

8 ReplaceRandomWithBest(x™ kjong(t))
9

. else

10: XM < FindClosest(x™” Kjong(t))
11: if (flx™) < fix“™)) then

12: XM me

13: end if

14: end if

MIACO inherits the advantages of the memory scheme to guide
the population directly to an old environment already visited and
the guided immigrants scheme to maintain diversity of the popula-
tion in order to avoid the stagnation behaviour of ACO algorithms.
It is very important to store different solutions in kjong(t) which
represent different environments that are useful in the future. The
key idea behind MIACO is to provide guided diversity, using guided
immigrants, into the pheromone trails in order to avoid the disrup-
tion of the optimization process [52].

MIACO may be beneficial on the same environmental cases with
EIACO since it is a generalized version of EIACO. However, it may
be also suitable in cases where the previous environments will re-
appear in the future, e.g., cyclic DTSPs.

7. Experimental study
7.1. Experimental setup

In order to investigate the effect of immigrants schemes on ACO
algorithms for the DTSP, several experiments are carried out in this
study. All algorithms were tested on the DTSP instances that are
generated from three stationary benchmark TSP instances taken
from TSPLIB!, i.e., kroA100, kroA150, and kroA200, which repre-
sent small, medium, and larger scale problem instances in this
paper, respectively. Our implementation follows the guidelines of
the ACOTSP? application. Moreover, the proposed algorithms, i.e.,
RIACO, EIACO, and MIACO, are compared with other peer ACO algo-
rithms described in Section 5.

Using the proposed methods described in Section3, we have
generated two kinds of DTSPs, with random and cyclic traffic fac-
tors, respectively, with F; =0 and Fy = 5. In cyclic DTSPs, three cyclic
states are used. For both types of DTSPs, the value of f was set to 5
and 100, indicating fast and slow environmental changes, respec-
tively. The value of m was set to 0.1, 0.25, 0.5, and 0.75, indicating
the degree of environmental changes from small, to medium, and
large, respectively. As a result, twelve dynamic test DTSP instances,
i.e., three values of f x four values of m, were generated from each
static TSP instance. Therefore, in order to systematically analyse
the adaptation and searching capabilities of each algorithm on the
DTSP, 36 dynamic test cases are used, i.e., three problem instances
x twelve cases each, for each type of DTSPs, i.e., DTSPs with random
and cyclic traffic factors.

For each algorithm on a DTSP instance, N=30 independent runs
were executed on the same environmental changes. The algorithms
were executed for G=1000 iterations and one observation was
taken on each iteration. The overall offline performance of an algo-
rithm on a DTSP instance is defined as follows [31]:

G N

1 T,

Porr = = E N E P: ], (11)
i=1 j=1

where Pf;‘ defines the tour cost of the best ant of iteration i of runj.

7.2. Parameter settings

Some of the parameters of the studied algorithms are chosen
from our preliminary experiments [35,37] and some of them are
taken from the literature [1,25]. We have set Se{2, 5, 8} and
qo €{0.0, 0.5, 0.9} and kept the parameters that provide the best
results for the algorithms. Then, these parameter settings have
been used to optimize some key parameters, i.e., p of MMAS in

1 Available on http://comopt.ifi.uni-heidelberg.de/software/TSPLIB95/.
2 Available on http://www.aco-metaheuristic.org/aco-code.
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Table 2
Parameters used for the investigated algorithms in the experiments.
Alg. n o B qo Ki K
Proposed ACO algorithms
RIACO 28 1 5 0.0 - 6
EIACO 28 1 5 0.0 - 6
MIACO 25 1 5 0.0 3 6
Other peer ACO algorithms
MMAS [43] 28 1 5 0.0 - -
P-ACO [26] 28 1 5 0.9 3 0
FS-PACO [1] 28 1 5 0.5 0 8
SC-PACO [1] 20 1 5 0.5 8 0
M-ACO [36] 20 1 5 0.9 3 0

Section 7.2.1, K; in Section 7.2.2, K; in Section 7.2.3 of MIACO, and r
of RIACO, EIACO and MIACO in Section 7.4. The parameter settings
of the proposed algorithms used in the basic experiments in Sec-
tion 7.3, that have been determined in the above way, and of other
existing peer ACO algorithms used in the experiments in Section 7.7
are presented in Table 2. The existing and the proposed algorithms
are described in Sections 5 and 6, respectively.

The population size of M-ACO is set to u — Is, where Is=8 deter-
mines the steps of the local search improvements that count as
evaluations. The population size of the remaining ACO algorithms
depends on the size of K; since the ants stored in kjog(t) are used as
detectors, and they are re-evaluated in every iteration t to detect
environmental changes in order to update kjo,g(t). Therefore, the
population size of the algorithms that use kjug(t) is set to u —Kj,
e.g., MIACO and SC-PACO. For P-ACO and M-ACO there is no need to
re-evaluate kj,no(t) because the update policy of these algorithms is
not depended on the solution quality. Furthermore, the evaporation
rate of MMAS is set to p=0.6.

7.2.1. Experimental study on the effect of the evaporation rate for
MMAS

For the results shown in Table 3, MMAS is applied to slowly
changing environments with different magnitudes of change, and
the evaporation rate is optimized among p €{0.02, 0.2, 0.4, 0.6,
0.8}. As discussed in Section4.2, the pheromone evaporation is
an important mechanism that enables ACO to adapt in dynamic
changes.

It can be observed that when the evaporation rate of MMAS is
p=0.02 it has the worst results in all dynamic test cases, whereas

Table 3

Offline performance of MMAS with different evaporation rates on random DTSPs,
where the best result among different p settings on the same problem instance is
highlighted in bold font.

f=100, m= 0.1 0.25 0.5 0.75
Alg. &Inst. kroA100
MMAS(p=0.02) 244454 26987.6 34702.2 47587.1
MMAS(p=0.2) 23372.7 25759.4 32947.6 45133.6
MMAS(p=0.4) 23254.5 25573.6 32766.3 44748.2
MMAS(p=0.6) 23261.6 25564.1 32795.6 44666.9
MMAS(p=0.8) 23260.2 25547.9 328213 44819.2
Alg. &Inst. kroA150
MMAS(p=0.02) 31686.2 35607.3 43066.7 59458.6
MMAS(p=0.2) 30058.7 33984.6 41006.5 56617.8
MMAS(p=0.4) 29830.2 33656.3 40636.8 56061.1
MMAS(p=0.6) 29792.4 33499.8 40569.8 56263.3
MMAS(p=0.8) 29835.1 33595.1 40681.0 56371.8
Alg. &Inst. kroA200
MMAS(p=0.02) 35971.3 39712.1 48717.9 69093.5
MMAS(p=0.2) 33996.8 37998.9 46556.8 66113.6
MMAS(p=0.4) 33586.6 37728.6 46054.1 65225.7
MMAS(p=0.6) 33495.1 37588.2 46109.5 65408.8
MMAS(p=0.8) 335184 37699.1 46403.8 65787.9

Table 4

Offline performance for the proposed framework with different short-term memory
sizes on random DTSPs but without immigrants generated, where the best result
among different K; settings on the same problem instance is highlighted in bold
font.

f=100, m= 0.1 0.25 0.5 0.75
Alg. &Inst. kroA100
Ks=1 233271 25664.9 331221 45576.5
K;=6 23499.9 25769.1 32638.4 44472.5
Ks=12 24199.0 26661.4 33364.4 45076.2
Ks=28 26462.8 29071.8 36443.4 49346.2
Alg. &Inst. kroA150
Ks=1 302979 34311.2 41494.7 57547.8
K:=6 29957.0 33590.8 40311.1 553324
Ks=12 30850.3 34540.2 41089.6 55795.3
K;=28 33681.9 37393.6 44742.5 60041.1
Alg. &Inst. kroA200
Ks=1 34368.5 38497.1 47305.4 67039.0
K;=6 33789.2 37347.2 45441.3 64139.8
Ks=12 35080.0 38718.8 46230.1 64398.4
K;=28 38050.7 41942.4 50244.6 69031.0

p=0.02 is the recommended evaporation rate in static TSPs [20,
p. 71]. This is natural because an extremely low evaporation rate
corresponds to slow adaptation. More precisely, the pheromone
trails of the previous environment that bias the ants towards non-
promising areas in the search space are eliminated slowly. As the
evaporation rate increases to 0.6, the solutions quality improves,
whereas when it is higher than 0.6, the solution quality is usu-
ally degraded or remains similar. This is because an extremely
high evaporation rate may eliminated useful information from the
pheromone trails of the previous environment, and the knowledge
transferred is destroyed quickly.

7.2.2. Experimental study on the effect of the short-term memory
size for RIACO, EIACO and MIACO

For the results shown in Table 4, the proposed framework with
the immigrant ants scheme switched off is applied to slowly chang-
ing environments with different magnitudes, where the short-term
memory size is set to Kse{1, 6, 12, 28}, respectively. As dis-
cussed in Section 6.2, the proposed framework does not depend
on pheromone evaporation as with MMAS, but it re-generates
the pheromone trails every iteration from the solutions stored in
Kshore(t)-

It can be observed that when K; = 6 the performance of the algo-
rithm is improved, probably because the pheromone trails get more
information from the previous environment to adapt to a new envi-
ronment. However, when an extreme value is given to K, e.g., when
K is close to the population size u, then the algorithm has no selec-
tion with respect to the best ants. This is because all the ants in the
framework deposit a constant amount of pheromone and, thus, no
effort is given to the best ants.

If we compare the results of the proposed framework in Table 4
against the results of MMAS in Table 3, there is an interesting
observation. The performance of MMAS(p=0.6) is better than the
performance of the proposed framework with Ks=6 when m=0.1
and m=0.25, while the performance of the latter is better than that
of the former when m=0.5 and m=0.75. For example, on kroA150
with m=0.1 the performance of MMAS(=0.6) and Ks =6 is Porr =
29792.4 and Pogr = 29957.0, respectively, whereas on the same
problem instance with m=0.75 the performance of the two algo-
rithms is Pogr = 56263.3 and Pogr = 55332.4, respectively. This is
because if the dynamic change is severe, then it will take more
time for MMAS to eliminate unused pheromone trails, whereas
the proposed framework removes the previous pheromone trails
directly. This supports our claim in Section 4.2 that the performance
of MMAS is degraded as the magnitude of change increases.
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Table 5

Offline performance of the proposed MIACO with different long-term memory sizes
on cyclic DTSPs, where the best result among different K; settings on the same
problem instance is highlighted in bold font.

f=50, m= 0.1 0.25 0.5 0.75
Alg. &Inst. kroA100 (3 cyclic states)
Ki=1 23673.9 26779.8 32197.9 38740.6
Ki=3 23853.9 26832.3 32114.7 38634.0
Ki=6 23985.0 26935.4 32336.5 38901.3
Ki=9 24242.7 27130.2 32506.3 39097.4
Alg. &Inst. kroA100 (6 cyclic states)
K=1 24037.1 26703.3 31752.4 41424.5
K =3 241374 26772.2 31639.1 41285.3
K =6 24307.7 26901.3 31867.8 41596.0
Ki=9 24513.5 27109.7 31994.6 41833.1
Alg. &Inst. kroA100 (10 cyclic states)
Ki=1 24085.6 26682.7 31572.7 41623.0
K=3 24136.1 26772.9 31483.1 41506.8
Ki=6 24340.6 26901.8 31718.7 41777.4
Ki=9 24570.9 27087.1 31884.7 42002.3

7.2.3. Experimental study on the effect of the long-term memory
size for MIACO

For the results shown in Table 5, MIACO is applied to cyclic
dynamic environments with different magnitudes, where the long-
term memory size is set to K; € {1, 3, 6, 9}. The population size of
MIACO depends on the size K; and is set as & — K| (see Section 7.2 for
more details). Considering the description of MIACO in Section 6.5,
each solution stored in k4., represents one previous environment
so that it can be used when the same environment re-appears.
Hence, an ideal K; value might be equal to the number of states
in the cyclic environment.

However, it can be observed that when K; =1, MIACO performs
better when the environment changes slightly whereas when K; = 3,
MIACO performs better when the environment changes signifi-
cantly. This is because when m=0.1 and m =0.25 the environments
are more likely to be similar and there is no need to store many
solutions in kjne(t). Moreover, the performance of MIACO when
K;=3 is the same in all problems with different numbers of cyclic
states. This is because a solution stored in kjoug(t) may be useful for
several environments. This way, fitness evaluations are not wasted
from the decreased population, i.e., when K; =9.

Table 6
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7.3. Experimental study on comparing the proposed ACO
algorithms on different DTSPs

The basic experimental results regarding the offline perfor-
mance of RIACO, EIACO and MIACO algorithms in both DTSPs with
random and cyclic traffic factors are presented in Table 6. The
corresponding Wilcoxon sum-rank results at a 0.05 level of signifi-
cance are presented in Table 7. Moreover, to better understand the
dynamic behaviour of algorithms, the offline performance against
100 iterations is plotted in Fig. 2 for random DTSPs with f=5 and
m=0.1 and m=0.75, and the offline performance against the first
1000 iterations is plotted in Fig. 3 for cyclic DTSPs with f=100 and
m=0.1 and m=0.75. From the experimental results, several obser-
vations regarding the weaknesses and strengths can be made by
comparing the proposed algorithms.

First, RIACO significantly outperforms EIACO in almost all ran-
dom and cyclic DTSPs, when f=5 and m=0.75; see the comparisons
of EIACO « RIACO in Table 7. This validates our expectation
that random immigrants perform well in quickly and significantly
changing environments. However, in the remaining dynamic test
cases RIACO is outperformed by EIACO. This is because RIACO
increases diversity randomly via random immigrants and there is
a high risk of too much randomization that may disturb the re-
optimization process.

Second, EIACO significantly outperforms RIACO in almost
all random and cyclic DTSPs, when f=100 and when m=0.1,
m=0.25 and m=0.5; see the comparisons of EIACO & RIACO in
Table 7. This validates our expectation that elitism-based immi-
grants perform well in slightly and slowly changing environments.
This is because the knowledge transferred from the pheromone
trails of the previous environment by the elitism mechanism
requires similar environments or enough time to express its effect
and speed up the re-optimization process. However, in cyclic
DTSPs as the value of m increases the performance of EIACO is
degraded, even when f=100, whereas the performance of MIACO
is improved. The same observation was made in Section 7.2.3. This
is because MIACO uses the best solution from kine(t), whereas
EIACO uses the best solution from the previous environment.
In this way, MIACO has a variety of best solutions to choose,
whereas EIACO is limited to the choice of the best solution from
P(t—1).

Third, MIACO has a similar performance with EIACO, when
compared with RIACO in all random DTSPs; see the comparisons

Experimental results regarding the offline performance of the algorithms on random and cyclic DTSPs, where the best result among algorithms on the same problem instance

is highlighted in bold font.

Alg. &Inst. kroA100 kroA150 kroA200
DTSPs with random traffic factor

f=5m= 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
RIACO 26557.8 30420.4 38252.7 53471.6  33816.5 385124  48133.7 663404  38535.5 43914.6 55048.9 76008.3
EIACO 26100.0 30258.0 38166.9 53491.6 33376.1 38272.3  48053.8 664283 37926.2 43576.3 549222  76103.4
MIACO 26198.9 30341.5 383124 53728.9 335113 383824  48243.0 66674.8 38050.7 43677.9 55108.7 76355.5

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
RIACO 23635.8 25846.7 32876.3 44905.7 30343.8 339764  40704.9 56085.0 34203.1 37766.3 46036.8 65169.9
EIACO 23417.2  25660.5 32576.1 44339.0  29892.6 33280.7 399944 549634  33496.6 37072.2 45106.1 63347.5
MIACO 23398.7 25736.8 32687.5 444581 29893.0 334433 40175.3 55175.1 33576.9 37236.1 45206.7 63781.2

DTSPs with cyclic traffic factor

f=5m= 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
RIACO 25757.7 29990.3 37189.3 45013.2 33389.7 37091.3 42240.5 56595.2 36192.8 41550.4 49383.7 61938.5
EIACO 239914  29530.6 37213.1 45013.2 30671.2 36228.3 417875 56720.6 33169.1 40329.2 484214 617549
MIACO 24106.7 29586.5 37001.2 446303  30767.2 363374  41829.0 562433  33164.1 40375.5 48565.4 61524.3

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
RIACO 239804  26401.9 310729 377173 30245.7 323233 36056.6 47116.3 33641.2 35914.9 42646.5 52493.2
EIACO 232203  26061.0 30988.1 37486.1 29558.5 32012.2 35761.9 463954 323819 35516.8 41779.5 51617.5
MIACO 23272.8 260319 30850.6 37361.5 29732.8 32035.5 357458  46251.5 32558.8 35450.6 418423 51594.0
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Table 7
Statistical test results regarding the offline performance of the algorithms on random and cyclic DTSPs, where “+” or “~" indicates that the first algorithm is significantly
better or the second algorithm is significantly better, respectively, and “~" indicates no significance.
Alg. &Inst. kroA100 kroA150 kroA200
DTSPs with random traffic factor
f=5m= 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
EIACO<RIACO + + + ~ + + + _ + + + _
MIACO«RIACO + + - - + + - - + + -
MIACO«EIACO - - - - - - - - - - - -
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
EIACO<RIACO + + + + + + + + + + + +
MIACO«RIACO + + + + + + + + + + + +
MIACOEIACO ~ ~ — - ~ - - ~ - ~
DTSPs with cyclic traffic factor
f=5m= 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75 0.1 0.25 0.5 0.75
EIACO<RIACO + + ~ ~ + + + - + + + +
MIACO«<RIACO + + + + + + + + + + + +
MIACO«EIACO — — + + ~ ~ + ~ ~ _ +
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
EIACO<RIACO + + + + + + + + + + + +
MIACO<RIACO + + + + + + + + + + + +
MIACO«EIACO ~ ~ +

of MIACO & RIACO. This is due to the same reasons discussed
above for EIACO, since both EIACO and MIACO generate guided
immigrants. However, MIACO is outperformed by EIACO in all ran-
dom DTSPs, whereas EIACO is outperformed by MIACO in most
cyclic DTSPs (expect when m=0.1); see the comparisons of MIACO
& EIACO in Table 7. This validates our expectation that EIACO
performs well when the changing environments are similar
and MIACO performs well when the changing environments re-
appears. The reason why EIACO is effective in slightly dynamic
environments is explained above. The reason why MIACO is effec-
tive in cyclic dynamic environments lies in that it can move the
population directly to a previously visited environment. MIACO
stores the best solutions for all cyclic base states and reuses them
by generating memory-based immigrants. In some cases, e.g., when

kroA100 (random), f=5, m=0.1

30000

kroA150 (random), f=5, m=0.1

f=5, MIACO is outperformed by EIACO. This is because that when
the environment changes quickly, the best solution stored in the
memory may not be able to track (or represent) the optimum of the
current environment and hence may misguide the memory-based
immigrants to a non-promising area.

7.4. Experimental study on the effect of the replacement rate for
random and guided immigrants

In order to investigate the effect of the immigrants replacement
rate, further experiments were carried out on the same problem
instances with the same parameters used before but with different
immigrant replacement rates, i.e., re {0.0, 0.2, 0.4, 0.8}. Note that
when r=0.0, it means that no immigrants are generated and hence

kroA200 (random), f=5, m=0.1
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Fig. 2. Dynamic behaviour of the proposed investigated ACO algorithms on random DTSPs.
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kroA 100 (cyclic), f=100, m=0.1

kroA150 (cyclic), f= 100, m=0.1
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kroA200 (cyclic), f=100, m=0.1
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Fig. 3. Dynamic behaviour of the proposed investigated ACO algorithms on cyclic DTSPs.

the performance of EIACO(r=0.0) is the same as the performance of
K; =6 in Table 4. Also note that here RIACO and EIACO (or MIACO)
are applied on the DTSPs where the algorithms respectively showed
good performance according to the basic experiments in Sec-
tion 7.3. Thatis, RIACO is applied in quickly changing environments,
while EIACO is applied in slowly changing environments. The
results are shown in Tables 8 and 9, respectively.

From Table 8, it can be seen that random immigrants
improve the performance of ACO when m=0.75 and confirms
that RIACO performs well on fast and significantly changing
environments. Furthermore, when m=0.1, m=0.25 and m=0.5,
RIACO (r=0.0) performs better, which shows that random immi-
grants disturb the optimization process because of too much

Table 8

Offline performance for RIACO with different immigrants replacement rates on ran-
dom DTSPs, where the best result among different r settings on the same problem
instance is highlighted in bold font.

randomization and furthermore validates our expectation men-
tioned before.

From Table 9, it can be seen that guided immigrants improve
the performance of ACO in all cases when the replacement rate
is 0.0<r<0.4, and confirms that EIACO performs well on slowly
changing environments. Furthermore, when the replacement rate
is r=0.8, the performance is usually degraded and sometimes is
even worse than EIACO (r=0.0). This shows that too much knowl-
edge transferred may degrade the performance in DTSPs. This is
because the re-optimization process in a new environment may
start from a local optimum (or a near local optimum) location and
get the algorithm stuck there, which furthermore supports our
claim in Section 6.4.

Table 9

Offline performance for EIACO with different immigrants replacement rates on ran-
dom DTSPs, where the best result among different r settings on the same problem
instance is highlighted in bold font.

f=5m= 0.1 0.25 0.5 0.75 f=100, m= 0.1 0.25 0.5 0.75
Alg. &Inst. kroA100 Alg. &Inst. kroA100
RIACO(r=0.0) 26178.0 30059.7 37906.4 53899.5 EIACO(r=0.0) 23499.9 25769.1 32638.4 444725
RIACO(r=0.2) 26373.6 30227.1 38060.5 53616.7 EIACO(r=0.2) 234174 25630.9 32596.5 44222.9
RIACO(r=0.4) 26557.8 30420.4 38252.7 53471.6 EIACO(r=0.4) 23417.2 25660.5 32576.1 44339.0
RIACO(r=0.8) 27401.3 311771 39076.6 54474.6 EIACO(r=0.8) 23334.2 25782.1 33069.1 45085.4
Alg. &Inst. kroA150 Alg. &Inst. kroA150
RIACO(r=0.0) 33230.1 37929.1 476414 66835.9 EIACO(r=0.0) 29957.0 33590.8 40311.1 553324
RIACO(r=0.2) 33517.7 382194 47885.3 66564.5 EIACO(r=0.2) 29791.9 33390.0 40042.5 55010.9
RIACO(r=0.4) 33816.5 38512.4 48133.7 66340.4 EIACO(r=0.4) 29892.6 33280.7 39994.4 54963.4
RIACO(r=0.8) 34989.8 39550.3 49169.2 67631.4 EIACO(r=0.8) 30018.0 337421 40812.7 56427.4
Alg. &Inst. kroA200 Alg. &Inst. kroA200
RIACO(r=0.0) 37783.6 43147.7 54345.4 76395.8 EIACO(r=0.0) 33789.2 37347.2 45441.3 64139.8
RIACO(r=0.2) 38175.8 43566.0 54712.6 76265.4 EIACO(r=0.2) 33444.6 37142.6 45062.8 63653.0
RIACO(r=0.4) 38535.5 43914.6 55048.9 76008.3 EIACO(r=0.4) 33496.6 37072.2 45106.1 63347.5
RIACO(r=0.8) 39767.2 45080.5 56228.9 77399.6 EIACO(r=0.8) 33656.4 37646.8 46063.6 64830.6
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7.5. Experimental study on the population diversity of the
proposed ACO algorithms

In order to investigate the effect of random, elitism-based, and
memory-based immigrants on the population diversity of ACO, we
calculate the total population diversity as follows:

(12)

G N

= 1 1

TD,V:EE NE DIV,-j s
i=1 j=1

where N is the number of runs, G is the number of iterations, and
DIVj; is the diversity of the population in iteration i of run j. For the
DTSPs, DIVj; can be calculated as follows:

; won
DIV; = mZZM(p, q),

p=1q#p

(13)

where 1 is the size of population, and M(p, q) is the similarity metric
between ant p and ant g as defined in Eq. (10). The total diver-
sity results of the dynamic test cases with f=100 are presented in
Fig. 4 for random DTSPs. The corresponding experimental results on
cyclic DTSPs show similar observations and hence are not presented
here.

Generally speaking, it can be observed that RIACO maintains
higher diversity than the remaining algorithms, whereas EIACO and
MIACO maintain similar diversity level in most cases. This shows
that random immigrants generate higher diversity than guided
immigrants.

Comparing the results of the offline performance in Table 6
against the results of the diversity in Fig. 4, it can be observed
that ACO algorithms that maintain high diversity levels do not
always achieve better performance than other ACO algorithms for
the DTSP.

M. Mavrovouniotis, S. Yang / Applied Soft Computing 13 (2013) 4023-4037

7.6. Experimental study on the effect of traffic factor bounds on
RIACO, EIACO and MIACO performance

In the basic experiments above, the traffic factor bounds F; and
Fy are set to 0 and 5, respectively. In order to investigate the effect
of the range of the traffic bounds on the performance of ACO algo-
rithms, further experiments are carried out in cyclic DTSPs with
f=100 and m=0.1 and m=0.75. The upper bound of the traffic
factor Fy, which determines the range of the traffic factor, is set
to Fy e {1, 5, 10, 20}, whereas the lower bound F; remains 0. The
remaining experimental settings are the same as in the basic exper-
iments. The experimental results of f=100 and m=0.1 are plotted
in Fig. 5. The corresponding experimental results of f=100 and
m=0.75 show similar observations and hence are not presented
here.

From Fig. 5 it can be observed that as the Fy increases the
performance of ACO algorithms is degraded on DTSPs with the
same f and m values. The performance of ACO algorithms is
affected by the range of the traffic factor and the effect dif-
fers with ACO algorithms. More precisely, the performance of
MIACO, which uses memory, is degraded significantly as the Fy
increases. For example, on the kroA100 with f=100 and m=0.1,
the performance of MIACO is degraded from Pogr = 22489.5 at
Fy=1, to Pogr = 23398.7 at Fy=5, to Porr = 23773.6 at Fy=10, to
Porr = 23869.5 at F;=20. This effect is natural since the higher
range of traffic factor means the environment will return to a
base state less accurately, which makes the memory scheme less
efficient.

Furthermore, the performance of EIACO is improved against
MIACO as the Fy value increases. For example, on the kroA100
with f=100 and m=0.1, the performance improvement of
EIACO over MIACO, i.e., Popr(MIACO)-Porr(EIACO), increases from
23272.8 -23220.3=52.5 at Fy=5 to 23869.5 —23754.4=115.1 at
Fy=20. However, the range of the traffic factor does not affect the
ranking of the algorithms when Fy > 5, but it does affect the ranking
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Fig. 4. Experimental results regarding the total diversity of the population of RIACO, EIACO and MIACO on random DTSPs.
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kroA100, f=100, m=0.1, F,=0

kroA150, f=100, m=0.1, F,=0
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kroA200, f= 100, m=0.1, F,=0
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Fig. 5. Experimental results regarding the performance of ACO algorithms in cyclic DTSPs with different traffic bounds Fy.

Table 10

Experimental results regarding the offline performance on the DTSP with m=rand[0, 1] and f=rand[1, 100] in att532. “+” or “~" indicates that the algorithm in the row is
significantly better than the one in the column or the opposite and “~” indicates no significance.

Alg. RIACO EIACO MIACO MMAS P-ACO SC-PACO FS-PACO M-ACO
Offline performance 147,646 145,968 146,240 150,436 156,287 152,848 150,185 155,176
Standard Deviation 523.14 507.91 585.91 292.57 691.61 756.33 643.04 503.27
Wilcoxon Sum-Rank Test
RIACO - — + + + + +
EIACO + + + + + + +
MIACO + — + + + + +
MMAS - - - + + ~ +
P-ACO - - - - - - -
SC-PACO - - - - + - +
FS-PACO - - - ~ + + +
M-ACO - - - - + - -

of the algorithms when Fy =1, since MIACO performs better than
EIACO whereas RIACO performs better than all its competitors in
kroA200.

7.7. Experimental study on comparing the proposed algorithms
with other peer ACO algorithms

In the basic experiments above, the performance of RIACO,
EIACO and MIACO was investigated under two kinds of dynamic
environments, i.e., random and cyclic, but with fixed f and m val-
ues. However, real world problems may involve different periods
and severities of change. That is, each environment may change in
different values of fand have different values of m on each environ-
mental change. In order to investigate the performance of RIACO,
EIACO and MIACO in such environments, further experiments were
performed on a DTSP with varying f and m values, which were

randomly generated with a uniform distribution in [1, 100] and
[0, 1], respectively.

We compare the proposed algorithms with other peer ACO algo-
rithms, i.e., MMAS described in Section4.2 and P-ACO, SC-PACO,
FS-PACO and M-ACO described in Section5. The parameter sett-
ings of the algorithms are described in Table 2. Note that since the
time interval of such kind of environment varies, many existing
approaches used in ACO algorithms for DTSPs, e.g., global and local
restart strategies (t — strategy and n — strategy) or the ACO-shaking,
also described in Section 5, cannot be applied because they do not
have any mechanism to detect dynamic changes.

The experimental results regarding the offline performance of
the aforementioned algorithms are presented in Table 10 with the
corresponding statistical test results. The dynamic behaviour of the
algorithms and the m and f values used on each iteration are pre-
sented in Figs. 6 and 7, respectively. From the experimental results
several observations can be drawn.

att532, f=rand[1,100], m = rand[0,1]

300000

250000

200000

Offline Performance

150000

100000
0

1000

Iteration

Fig. 6. Dynamic behaviour of ACO algorithms on the DTSP with m=rand[0, 1] and f=rand[1, 100].
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att532 f=rand[1,100], m = rand|0,1]
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Fig. 7. The values of m and f used on the DTSP with m=rand|[0, 1] and f=rand[1, 100].

First, among the proposed algorithms, EIACO performs signifi-
cantly better than its competitors, followed by MIACO. This matches
our previous experimental results where EIACO (and MIACO) per-
form better than RIACO in most dynamic cases.

Second, all the proposed algorithms perform significantly bet-
ter than MMAS and P-ACO. This is because MMAS uses only
pheromone evaporation to eliminate pheromone trails from the
previous environment that are not useful to a new environment,
and thus, needs sufficient time to adapt to the changing environ-
ments. As discussed previously MMAS performs well when the
environments are similar and enough time is available. For exam-
ple, in the iterations between 620 and 720, where the value of m is
not severe, M MAS has a comparable performance; see Figs.6and 7.
On the other hand, P-ACO eliminates pheromone trails directly if
an ant is removed from k;o,g(t). However, if identical ants are stored
in the kione(t), then the algorithm will reach stagnation behaviour,
and thus, needs sufficient time to escape from it.

Third, FS-PACO and SC-PACO performs significantly better than
P-ACO, whereas the former algorithm performs significantly bet-
ter than the latter algorithm. Both algorithms are variations of the
P-ACO algorithm that aim to increase and maintain diversity in
population-list. Hence, SC-PACO and FS-PACO adapt better to the
changing environment than P-ACO probably because the simple
crowding policy and the fitness sharing used in the algorithms,
respectively, address the problem of identical ants in P-ACO.

Fourth, M-ACO is significantly better than P-ACO since the local
search scheme thatisintegrated in M-ACO promotes exploitation to
improve the solution quality, and the risk of stagnation behaviour is
eliminated using a diversity increase scheme based on traditional
immigrants. Whenever kj,n4(t) contains identical ants, a random
immigrant replaces an ant until the algorithm generates sufficient
diversity.

8. Conclusions and future work

Different immigrants schemes have been successfully applied
to EAs to address different DOPs [52,53]. In this paper, we integrate
immigrants schemes with ACO to address a permutation-encoded
DOP, i.e., the DTSP with traffic factors. We generate two types of
dynamic environments: (1) the traffic factor changes randomly;
and (2) the traffic factor changes in a cyclic pattern where the
environments will re-appear. Three algorithms are proposed, i.e.,
RIACO, EIACO, and MIACO, where random immigrants, elitism-
based immigrants, and memory-based immigrants are generated,
respectively, and replace the worst ants in the current population in
order to transfer knowledge to the pheromone trails and maintain
diversity, which is important when addressing DOPs.

From the experimental studies of comparing the proposed
algorithms on different cases of DTSPs, the following con-
cluding remarks can be drawn. First, immigrants enhance the
performance of ACO for DTSPs. Second, RIACO performs well in
quickly and significantly changing environments. Third, EIACO per-
forms well in slowly and slightly changing environments. Fourth,
MIACO performs well in cyclic changing environments, where pre-
vious environments will re-appear. Fifth, the proposed algorithms
perform better than other peer ACO algorithms in DTSPs. Sixth,
the evaporation rate in MMAS and the long-term memory size
in MIACO depends on the magnitude of a dynamic change. Sev-
enth, a high level of diversity or too much knowledge transferred
do not always enhance the performance of ACO in DTSPs. Hence a
good balance between the diversity generated and the knowledge
transferred achieves good performance in DTSPs. Finally, a small
immigrants replacement rate is usually a good choice for RIACO,
EIACO and MIACO in DTSPs.

For future work, it will be interesting to adapt the replacement
rate instead of using a small fixed value [61]. Another future work is
to include the dynamic time-linkage (DTL) property [4,41], where
the value at time t is dependent on at least one earlier solution, to
the traffic factors. DTL is very common in real-world applications.
For example, in a car navigation systems where traffic factors are
considered, if the optimal routing path for a specific destination is
provided to all cars at the current moment, then the traffic on the
same “optimal” route will increase and make the route no longer
optimal or congested in the future.
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