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Abstract To overcome the deficiencies of weak local
search ability in genetic algorithms (GA) and slow global
convergence speed in ant colony optimization (ACO) algo-
rithm in solving complex optimization problems, the chaotic
optimization method, multi-population collaborative strat-
egy and adaptive control parameters are introduced into the
GA and ACO algorithm to propose a genetic and ant colony
adaptive collaborative optimization (MGACACO) algorithm
for solving complex optimization problems. The proposed
MGACACO algorithm makes use of the exploration capa-
bility of GA and stochastic capability of ACO algorithm. In
the proposed MGACACO algorithm, the multi-population
strategy is used to realize the information exchange and
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cooperation among the various populations. The chaotic opti-
mization method is used to overcome long search time,
avoid falling into the local extremum and improve the search
accuracy. The adaptive control parameters is used to make
relatively uniform pheromone distribution, effectively solve
the contradiction between expanding search and finding
optimal solution. The collaborative strategy is used to dynam-
ically balance the global ability and local search ability,
and improve the convergence speed. Finally, various scale
TSP are selected to verify the effectiveness of the proposed
MGACACO algorithm. The experiment results show that the
proposed MGACACO algorithm can avoid falling into the
local extremum, and takes on better search precision and
faster convergence speed.

Keywords Genetic algorithm - Ant colony optimization
algorithm - Chaotic optimization method - Multi-strategy -
Collaborative optimization - Complex optimization problem

1 Introduction

There are a lot of problems in the industry, agriculture,
national defense, information and other areas, which can
be translated directly into the combinatorial optimization
problems (Yanass 2013; Blum et al. 2011). And some of
these optimization problems belong to NP-Hard problems.
Because the traditional methods are difficult to solve these
NP-Hard problems, a lot of intelligent optimization meth-
ods were proposed to solve these NP-Hard problems in the
past several decades, such as evolution algorithms (Pan et al.
2015; Metaxiotis and Liagkouras 2012) [genetic algorithm
(GA), evolutionary programming (EP), differential evolu-
tion (DE), etc.], swarm intelligence optimization algorithms
(Garnier et al. 2007; Wen et al. 2015) [ant colony optimiza-
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tion (ACO), particle swarm optimization (PSO), bee colony
optimization (BCO), etc.], and other optimization algorithms
(Hamzadayi and Yildiz 2013; Duarte et al. 2011; Robertson
et al. 2013) [simulated annealing (SA), tabu, random search
method, etc.]. The evolution algorithms use the iterative
evolution between populations according to the theoretical
basis of the natural evolution to solve complex optimization
problems. The swarm intelligence optimization algorithms
simulate the behavior of swarm intelligence creatures (bird,
bee) in nature to solve complex optimization problems. Due
to the different concerns of two types of algorithms, the
obtained effects are different in solving complex optimiza-
tion problems.

With the continuous development of society and eco-
nomics, the optimization problems are becoming more and
more complex, the traditional intelligent optimization meth-
ods cannot get the satisfactory solution by using single
intelligent optimization method in the finite time. So many
researchers proposed hybrid intelligent algorithms based on
fusing or combining the different intelligent optimization
algorithms for solving complex optimization problems (Cor-
chado and Abraham 2010). Li et al. (2002) proposed a
hybrid optimization algorithm based on GA and simulated
annealing (SA) to solve a combinatorial optimization prob-
lem with constraint. Wei and Zhao (2005) proposed a niche
hybrid genetic algorithm (NHGA) based on the niche tech-
niques and Nelder—Mead’s simplex method. The proposed
method not only makes the exploration capabilities of GA
stronger through niche techniques, but also has more power-
ful exploitation capabilities by using simplex search. Li and
Wang (2007) proposed a hybrid quantum-inspired genetic
algorithm (HQGA) for the multiobjective flow shop schedul-
ing problem (FSSP). Lee et al. (2008) proposed a novel
algorithm of genetic algorithm with ant colony optimiza-
tion (GA-ACO) for multiple sequence alignment. Tseng and
Lin (2009) proposed a hybrid genetic local search algorithm
to solve permutation flowshop scheduling problem (PFSP)
with each of both criteria. Wen et al. (2011) proposed a
heuristic-based hybrid genetic-variable neighborhood search
algorithm for the minimization of makespan in the het-
erogeneous multiprocessor scheduling problem. Xing et al.
(2011) proposed a hybrid ACO algorithm (HACOA) to solve
instances of the extended capacitated arc routing problem
(CARP). This approach is characterized by the exploita-
tion of heuristic information, adaptive parameters, and local
optimization techniques. Deng et al. (2012) proposed a
novel two-stage hybrid swarm intelligence optimization
algorithm called GA-PSO-ACO algorithm that combines the
evolution ideas of the genetic algorithms, particle swarm
optimization and ant colony optimization for solving travel-
ing salesman problem. Sioud et al. (2012) proposed a hybrid
approach based on integrating GA and constraint program-
ming, multi-objective evolutionary algorithms and ant colony
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optimization for solving a scheduling problem. Sheikhan and
Mohammadi (2012) proposed two hybrid models based on
combining ACO and GA for feature selection and multi-layer
perceptron (MLP). Akpinar et al. (2013) proposed a new
hybrid algorithm, which executes ant colony optimization in
combination with genetic algorithm (ACO-GA), for type I
mixed-model assembly line balancing problem (MMALBP-
I) with some particular features of real world problems.
Rizk-Allah et al. (2013) proposed a novel hybrid algorithm
named ACO-FA, which integrates ACO with firefly algo-
rithm (FA) to solve unconstrained optimization problems.
Ghanbari et al. (2013) proposed a new approach, which is
called cooperative ant colony optimization-genetic algorithm
(COR-ACO-GA), to construct expert systems with the ability
to model and simulate fluctuations of energy demand under
the influence of related factors. Wang and Duan (2014) pro-
posed a hybrid biogeography-based optimization (HBBO)
algorithm based on combining the chaos theory and search-
ing around the optimum strategy with the basic BBO for
the job-shop scheduling problem (JSP). Jing (2014) pro-
posed a hybrid genetic algorithm for feature subset selection
(HGARSTAR) by embedding a novel local search opera-
tion based on rough set theory to fine-tune the search. Mahi
etal. (2015) proposed a new hybrid method to optimize para-
meters that affect performance of the ACO algorithm using
PSO. In addition, 3-Opt heuristic method is added to pro-
posed method to improve local solutions. Ali et al. (2015)
proposed a hybrid genetic and imperialist competitive algo-
rithm (HGA) to find a near-optimum solution of a nonlinear
integer-programming (NIP) with the objective of minimizing
the total cost of the supply chain.

Even though these proposed hybrid intelligent algorithms
can obtain better optimization performance and solving
effects, they still exist falling into the local extremum,
low search precision and slow convergence speed. GA is
a highly parallel, random and adaptive search algorithm
by referring the mechanism of natural selection and nat-
ural genetic in the living nature. ACO algorithm is a new
optimization algorithm based on the ant colony population
to strengthen the local search ability by using the posi-
tive feedback of the pheromone. In essence, the GA and
ACO algorithm take on the parallelism, robustness and self-
organization, so they only rely on the ability of the population
to search for the optimal solution. On the basis of analyz-
ing the dynamic characteristics, mechanism, optimization
strategies and convergence of the GA and ACO algorithm,
the chaotic optimization method, multi-population strategy,
adaptive control parameters and collaborative strategy are
introduced into the GA and ACO algorithm to realize the
information exchange and cooperation among the various
populations, avoid falling into the local extremum, dynami-
cally balance the global search ability and local search ability,
and improve the search accuracy and convergence speed. So
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a genetic and ant colony adaptive collaborative optimization
(MGACACO) algorithm is proposed to solve complex opti-
mization problems in this paper. The various scale TSP are
selected to verify the effectiveness of the proposed MGA-
CACO algorithm.

The rest of this paper is organized as follows. Section
2 introduces intelligent optimization algorithms, such as
genetic algorithm and ant colony optimization algorithm.
Section 3 expatiates the chaotic optimization method and
multi-strategy, including adaptive control parameters in GA,
adaptive adjusting pheromone, dynamic evaporation factor
strategy and multi-population collaborative strategy. Section
4 presents a genetic and ant colony adaptive collaborative
optimization (MGACACO) algorithm. Section 5 compares
our experimental results with the recent algorithms that have
been used to solve the TSP. Finally, the conclusions are dis-
cussed in Sect. 6.

2 The intelligent optimization algorithms
2.1 Genetic algorithm

Genetic algorithms (GA) (Holland 1977) is a class of
population-based stochastic search techniques that solve
optimization problems by imitating processes observed dur-
ing natural evolution. It is based on the principle of the
survival and reproduction of the fitness. The GA contin-
ually exploits new and better solutions without any pre-
assumptions, such as continuity and unimodality. The GA
is a parallel iterative algorithm with certain learning ability,
which repeats evaluation, selection, crossover and mutation
operators until the stopping criteria or maximum number of
iterations are reached. It has been widely applied in solving
many complex optimization problems, such as function opti-
mization, multi-objective optimization, traveling salesmen
problem and so on. The GA shows its merits in solving opti-
mization problems; especially it is propitious to the problems
of multiple optimum solutions. A real-coded GA is a genetic
algorithm representation that uses a vector of floating-point
number instead of 0 and 1 for implementing chromosome
encoding. With some modifications of the genetic opera-
tors, the real-coded GA has better performance than the
binary-coded GA in solving traveling salesman problem. The
crossover operator of the real-coded GA is performed by bor-
rowing concept of convex combination. Assuming that the
GA is employed to search for the largest fitness value with the
given fitness function, the flow of the GA is shown in Fig. 1.

2.2 Ant colony optimization (ACO) algorithm

Ant colony optimization (ACO) algorithm was proposed by
Dorigo and Gambardella (1997). Itis a metaheuristic inspired
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| Obtain the best solution
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Fig. 1 The flow chart of the GA

by the behavior of real ants in search for the shortest path to
food sources. Ants tend to choose the paths marked by the
strongest pheromone concentration. The ACO algorithm is
an essential system based on agents that simulates the natural
behavior of ants, including the mechanisms of cooperation
and adaptation. It simulates the techniques employed by real
ants to rapidly establish the shortest route from a food source
to their nest and vice versa without the use of visual infor-
mation. The ACO algorithm consists of a number of cycles
(iterations) of solution. In each iteration, a number of ants
construct complete solutions by using heuristic information
and the collected experiences of previous population of ants.
These collected experiences are represented by using the
pheromone trail, which is deposited on the constituent ele-
ments of a solution. The pheromone can be deposited on
the components and/or the connections used in a solution
depending on the solving problem. The flow of ACO algo-
rithm is illustrated in Fig. 2.

3 Chaotic optimization method and multi-strategy
3.1 Chaotic optimization method

Chaos is an interesting nonlinear dynamics and random
behaviour in the system (Fister et al. 2015). It has charac-
teristics of the randomicity, ergodicity, sensibility, and so on.
The basic idea of chaos is to linearly map chaotic variable
into the value range of optimization variable. Chaotic opti-
mization method is one of the effective methods for solving
function optimization problem (Okamoto and Hirata 2013).
Due to the ergodicity of phase space and intrinsic randomness
in the chaos, the chaotic variables can avoid falling into the
local minimum and overcome the shortcomings of traditional
optimization algorithm. In addition, the chaotic optimization
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Fig. 2 The flow chart of the ACO algorithm

method has simple structure and easy implementation and
so on. Logistic is a typical chaotic system, its mapping has
characteristic of the definite expression, so the chaos system
does not contain any random factors. In this paper, a one-
dimensional Logistic mapping method is used to generate
sequences. The mathematical expression of one-dimensional
Logistic map method is given (Kromer et al. 2014):

xt+ D) =px®A—x@) t=1,2,3,..., 1 (1)

where the control variable © € [0, 4] is the parameter of
Logistic. When control variable © = 4, Logistic mapping
is full mapped on [0,1], and the Logistic mapping is com-
plete chaotic state. zp, z2, z3, ... iS obtained a determined
time series by using the arbitrary initial value zo. The char-
acteristic of chaotic motion is used to optimize and search.
The basic idea is to generate a set of chaotic variables with
the same number of optimization variables, then the chaos
is introduced into the optimization variables by using the
chaotic carrier mode to obtain the chaotic state.

3.2 Adaptive control parameter in GA

Be aimed at balancing the search range and search ability in
GA, a lot of improved GAs are proposed in recent decades,
such as adaptive genetic algorithm, immune genetic algo-
rithm, hybrid genetic algorithm and so on. But the adaptive
genetic algorithm cannot promptly reflect the individual’s
premature convergence. If the individuals with the lower
fitness value and local optimum are used to form one pop-
ulation, then the adaptive genetic algorithm will mistakenly
believe that the population do not discover the premature
convergence. It cannot escape from the local optimal solu-
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tion and reduce the search optimization performance. If the
fitness value of individual is greater than the average fitness
value of population ( £ ()), the fitness values of these the indi-
viduals will redo the mean to obtain the average value (F(0)).
Define ¢ = fE* (1) — £ (1), which represents the premature
convergence extent of population. Then the crossover prob-
ability P.(¢) and mutation probability Pp,(7) are adaptively
controlled, the expressions are given:

k1 (FERX @) = fEa (D)

P.(t) = O (-T@) foa®) = 2 o
k3. Foa) < F©
kalfGR"(O=foa®) =

Pa) =1 Ifo-T0 foa®) = f(1) o

ka, foalt) < ()

where the coefficients of ki, kp, k3 and k4 are less than or
equal to 1. The f{, (¢) is the larger fitness function value in
two crossover individuals. The fga (¢) is used function value
of mutation individual.

3.3 Adaptive and dynamic control parameters in ACO
3.3.1 The search optimization strategy
In the route, the kth ant starts from city r, the next city s is

selected among the unvisited cities memorized in J* accord-
ing to the following expression (Otero et al. 2013):

argmax{[z;; (O1ln;; (1P}, q(t) < (1) = A(D)/N
S, otherwise

“

where A(t) € [2, N] presents ANB of the algorithm in the
tth iteration, N is the number of nodes. g(A(t)) € [2/N, 1],
q(t) is uniformly distributed random number on [0,1].

The next city s is selected according to the following
expression:

(. NI"G. )P : ;

= - e Ji(i

i, ) = | Seeno FEHFWG0P k(@) (5)
0 other

where pi (i, j) is the transition probability (from city i to
city j for the kth ant), t(i, j) is the intensity of pheromone
between city i and city j, n(i, j) is the length of path between
cities from city i to city j, Jx (i) is a set of unvisited cities of
the kth ant, the parameter « and j are the control parameters
for determining the weight of trail intensity and the length of
path, ¢ is a random uniform probability in [0, 1], and g is a
parameter between 0 and 1 .
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o= o |:1 + rand(—| sin(z)|, | sin(z)]) * e 2 ]

a € [min, ¥max]

(6)

o o < Qmin OF & > Omax

,3 — [/8 * |SiIl(l‘)| + 1.01 ,3 € [ﬂmil’lv ,Bmax] (7)

Be B < Bmin O B > Bmax

where «, is the initial value of «, amin and amax indicate
respectively the minimum value and maximum value of the
a. B is the initial value of 8, Bmin and Bmax indicate respec-
tively the minimum value and maximum value of the B.
rand() is a random function.

3.3.2 Adaptive adjusting pheromone

In the traditional ACO algorithm, a fixed amount of pheromone
is used to update the pheromone on the path. This updating
strategy ignores the distribution characteristics of solution
and is prone to stagnation and slow convergence speed. So
adaptive adjusting pheromone strategy is used to make rel-
atively uniform distribution of pheromone and effectively
solve the contradiction between expanding search and find-
ing optimal solution to search for the local optimal solution
in this paper.

The real variable function Q(¢) is used to replace the con-
stant of pheromone intensity Q in the adjusting pheromone
A'L’l-]; = (Q/Lk to balance the exploration and exploitation
between the random search of ant and the evocation function
of information under the pheromone evaporation or increas-
ing in the random search process. The adaptive adjusting
pheromone expression is given:

Atf(t) = Q)/Lk ®)
O t=T
0)=102 Th<t=T )

03 Th<t=<Ts.

In the adaptive adjusting pheromone strategy, if the obtained
optimal solution does not change in a period of time, it
shows that the search falls into an extreme point. Then the
enforcement mechanism is adopted to decrease the amount of
increasing information to escape from local minimal value.
The amount of pheromone on the optimal path and worst
path are reduced to avoid falling into local optimal solution
in the initial stage of search process. Then the positive feed-
back of ACO need be appropriately restrained by adding a
small amount of negative feedback pheromone in the search
process, the goal is to reduce the difference of pheromone
and expand the scope of the search.

3.3.3 Adaptive control parameters q(t)

In the traditional ACO algorithm, the value of stochas-
tic selection threshold ¢ (¢) is a random number on [0, 1].
Because the diversity of the solution is increasing, it will
reduce to fall into the local optimum in a certain extent. But
itis difficult to control the stochastic selection threshold ¢ (¢).
So the uniformly distributed random number on [0, 1] is used
to control the stochastic selection threshold ¢ (7). The expres-
sion is given:

qg®) € 0, p
q() € (u, 1)

q()/u,

(1—q@®)/1 =), (10)

q(t+1)=[

where u € (0, 1).

3.3.4 Dynamic evaporation factor strategy

The evaporation factor of pheromone p in the basic ACO
algorithm is a constant. The p value directly relates to
the global search ability and convergence speed. For large-
scale problems, because there exists the evaporation factor
of pheromone, the pheromone on the unvisited path will
be reduced to close to 0. This will reduce the global
searching ability of ACO algorithm. If the pheromone is
too large, the selection probability of visited path will be
large, this also will affect the global search ability of ACO
algorithm. Therefore, how to set the value of pheromone
has become the key to control the pheromone releasing
and evaporating. The concept of dynamic evaporation rate
is used in this paper. The idea is to set a larger value
for dynamic evaporation rate p at the beginning of ACO
algorithm to enhance the global search ability (Jovanovic
and Tuba 2011). But with the operation of ACO algo-
rithm, the evaporation rate p will continue to decay, so
that the ACO algorithm can quickly converge to the opti-
mal solution. The dynamic evaporation factor strategy in
ACO algorithm not only increases the global search capa-
bility, but also accelerates the convergence in a certain
extent.

To better explore decay model of evaporation rate, there
are three different decay models of curve decay model, line
decay model and scale decay model. The curve decay model
is selected according to implementing a set of experiments.
The expression of curve decay model is described as follows:
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T X (Tmax — Tmin) X { T X Tmin — Tmax

p(t) = T_l e (11)
(1) = (1= p(0) x T(0) + > Azfy(1) (12)
k=1

where Tmax and T, respectively are the upper and lower of
pheromone. ¢ and T respectively refer to the current iteration
and the maximum iteration.

3.4 Multi-population collaborative strategy

Multi-population collaborative strategy is to divide the pop-
ulation into several sub-populations for collaborative evolu-
tion. The multi-population is used to realize the information
exchange and cooperation among the various populations.
The collaborative evolution mode has two kinds of com-
mon models: the island model and neighborhood model.
The two models directly divide the individuals into several
sub-populations. The collaborative strategy is used to dynam-
ically balance the global ability and local search ability, and
improve the convergence speed. Each sub-population rep-
resents a subspace in the solution space, and is optimized
and updated according to the respective search strategy. The
searched better individual will be migrated among the differ-
ent sub-populations, and is regarded as a shared information
to guide the evolution to effectively improve the search-
ing efficiency. So the multi-population collaborative strategy
takes on strong global and local search ability, ensures the
strong spatial exploration and exploitation ability in the
search process of particles, and accelerates the search speed
of population, improves the convergence precision, accuracy
and efficiency in the optimization process.

4 A genetic and ant colony adaptive collaborative
optimization (MGACACO) algorithm

4.1 The idea of the proposed MGACACO algorithm

GA is a parallel, random and adaptive search algorithm.
It applies the mechanism of natural selection and natural
genetic in the process of biological evolution to solve the
optimization problems. And it has the advantages of self-
adaptation, parallelism and strong global convergence ability.
Butit exists the weak local search ability. The ACO algorithm
is a new optimization algorithm based on the ant colony. It
has been proved to be a very promising and effective method
in solving complex optimization problems, especially for
discrete optimization problems. It has the advantages of dis-
tributing, self-organizing, positive feedback. But it inevitably
has some defects, such as the slow speed of initial pheromone
generation, poor global convergence and so on. And the

@ Springer

unbalance between the global search and the local search
in ACO algorithm could cause the premature phenomenon
and the stagnation phenomenon. In essence, the GA and
ACO algorithm take on the parallelism, robustness and self-
organization, they only rely on the ability of population to
search for the optimal solution. Currently, several algorithms
are integrated according to the certain rules or optimization
idea to construct hybrid optimization algorithms, which can
effectively overcome their weaknesses and fully use their
advantages for improving the optimization performances. So
the chaotic optimization method, multi-population collabo-
rative strategy and adaptive control parameters are introduced
into the GA and ACO algorithm to propose a genetic and ant
colony adaptive collaborative optimization (MGACACO)
algorithm for solving complex optimization problems in this
paper. In the proposed MGACACO algorithm, the population
is divided into several subpopulations, then the GA and ACO
algorithms are guided each other by updating the global opti-
mization solution. In the GA, a population is regarded as ant
colony, and then one individual in the population is regarded
as an ant in the ant colony. The obtained optimal solution
by using the crossover and mutation operations is used to
describe the selected action of the path of the ant. In the
ACO algorithm, each ant selects one path according to the
heuristic function and the consistence of pheromone. The ant
colony uses the left pheromone to achieve the collaborative
optimization purpose. Each ant is regarded as an individual
in the GA. The ant colony is regarded as the population in
each generation in the GA. The ACO algorithm emphasizes
the search process of the individual. The collaborative opti-
mization is obtained by using positive feedback operation
of left pheromone. The GA is used to dynamically adjust
the initial pheromone distribution of ACO algorithm to bet-
ter control the exploitation ability and exploration ability of
each subpopulation. Then the adaptive adjusting pheromone
is introduced into each subpopulation to improve the explo-
ration ability and avoid prematurely converging to the local
optimal solution. The information exchange is the exchange
operation of the pheromone matrix among subpopulations.
And the collaborative strategy is used to dynamically balance
the global search ability and local search ability, compre-
hensively evaluates the state of ACO algorithm and GA.
The proposed MGACACO algorithm can obtain the global
search ability of GA and the local search ability and con-
vergence speed of ACO algorithm by the multiple cycles.
The corresponding updating method is used to improve the
optimization performance of the proposed MGACACO algo-
rithm.

4.2 The steps of the propose MGACACO algorithm

First, the running states of the GA and ACO algorithm
are comprehensively evaluated, then the proposed MGA-
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CACO algorithm adaptive selects the GA or ACO algorithm.
According to the previously defined convergence speed
and diversity function, we define a function F(g), which
describes the running state of the gth generation of the MGA-
CACO proposed algorithm.

F(g) = {d(“ = on (13)
|Conv(g)| @ Diffg , | < C2 ACO

where g denotes the number of iteration, C| and C; are con-

stant. The value of the F'(g) is Boolean value. If the obtained

result is false, the current algorithm continues to implement.

Otherwise another algorithm is selected to implement. The

description of the proposed MGACACO algorithm is given:

Step 1 Initialize the MGACACO algorithm.

For solving complex optimization problem, the size of
initial population (My) is determined according to the con-
straints of the dimension, search point and rate and so on. The
relative parameters of the MGACACO algorithm are set: ini-
tial crossover probability (P.), initial mutation probability
(P.), the max number of the iteration (Tmax), control para-
meters o¢, ¥min and omax, Be and Bmin and Pmax, pheromone
trial evaporation rate pp, stochastic selection threshold (qo),
the upper and lower of pheromone Tpax and iy, the initial
iteration ¢+ = 0 and so on. Real number coding method is
used in this paper.

Step 2 Calculate, compare and update the fitness value.
Calculate the fitness value of each individual, the tourna-
ment selection method is used to select the initial population
to find a number of optimal solutions. The average fitness
value is calculated according to the followed expression.

_ 1 Y

Fot) = 3= 2 Fo) (14)
i=1

_ 1 Ma

Fa) =372 FA® (15)
i=1

where F é;(t) and F 1’;‘ (1) are the fitness function values of the
ith solution.

Step 3 Generate the chaotic variables.

The chaotic signal generator is used to generate the chaotic
variables according to the expression (1), which are used to
initialize the pheromone distribution to guarantee the balance
the global optimization and the local optimization.

Step 4 Obtain the crossover probability and mutation proba-
bility.

The parameters of crossover probability P.(¢) and muta-
tion probability P,(#) in GA are adaptively controlled
according to the expression (2) and (3) in this iteration.

Step 5 Execute mutation operation.

Each parent individual can generate a sub-individual
according to the following expression.

x! = (x; + [n![N(0, 1) ymodn! (16)

Step 6 Obtain several optimal solutions.

The obtained fitness values are compared with other opti-
mal solutions to obtain the global optimal value.

Step 7 The obtained optimal solutions are used to initialize
the pheromone on each path to obtain the value of pheromone
of each path. At the same time, the ants (M 4) are randomly
placed in the N nodes.

Step 8 The chaotic signal generator is used to generate the
uniformly distributed random number (g (¢)) on [0, 1]. Each
ant of ACO algorithm selects the next visiting city according
to the expression (5).

Step 9 The pheromone is updated according to the expression
(12).

Step 10 Calculate the completed path length.

The visited path length of each ant and the fitness value of
solution are calculated. In this iteration, the optimal solution
Sp(t) is saved. If the value of Sp(¢) is better than Sp, then
the value of S, is replaced by the value of S, (¢). Otherwise
return to Step.6.

Step 11 Obtain parameters of ACO algorithm.

The parameters of obtained pheromone trial evaporation
rate p(t), stochastic selection threshold ¢(¢), and control
parameters « and S in ACO algorithm adaptively controlled
according to the expression (6)—(9) and (11).

Step 12 Calculate the average value F A(1).

The average value F 4(1) of the obtained solutions is cal-
culated and recorded according to the expression (15).

Step 13 The fitness function value and the average value of
the proposed MGACACO algorithm are calculated according
to the following expression. The fitness value of obtained
individual is greater than the value of F(¢),then the obtained
individual replaces the individual with the lower fitness value
in the initial population.

F(t) = AFG(t) + uF A(t) | (17)

»= Fg™ )~ Fg" @) . (18)

(FR¥(t) + FP(t)) — (F2n (1) + FYn(1))
F (1) — F{0 (1)

(FE¥(t) + FY™(1)) — (F2n (1) + FY(1))

= (19)

Step 14 The value of fitness function F'(# + 1) of all solutions
are calculated according to the expression (17), the optimal
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solution in this iteration is recorded and is compared with the
history optimal solution. If the obtained optimal solution is
better than the history optimal solution, the obtained optimal
solution will replace the history optimal solution. Otherwise
return Step 12.

Step 15 The average value of the fitness function F (¢ + 1) is
calculated. And determine whether the termination condition
of the algorithm is met. If the termination condition is met,
the history optimal solution is outputted. Otherwiset = r+1,
and return Step 5.

Step 16 Output the results.

4.3 Analyze the convergence and diversity of the
proposed MGACACO algorithm

In the running GA or ACO algorithm, there is easy to appear
slow convergence speed and stagnation phenomenon. The
reason is that the diversity of population tends to coincide. So
an evaluation function is defined to respectively analyze the
convergence speed and diversity of the proposed MGACACO
algorithm.

In the diversity of population of GA, the d(;) is used to
describe the diversity:

n
Ui

i=1

dj(x) = 20)

1
N 1 N
dj(x) =7 > dj(x) 21

j=1

where ; = X1, X2, ... Xp) is population, | U?:l x;j| denotes
different individuals of the population at the position of the
Xj.

In the diversity of the population of ACO algorithm, the
P(g) is used to describe the diversity:

P(e) = P& (22)

Diff;; = —— . < . . (23)
|P@) = P()I+1P() = P@)
where Diff;; denotes the difference of ACO algorithm
between the search path result of the kth generation and the
search path result of the jth generation.
So the diversity of the proposed MGACACO algorithm is
represented by following expression:

n
Ui
i=1

The convergence speed of the proposed MGACACO algo-
rithm is represented by following expression:

DIV = d;(x) + P(g) = + | Ao (24)
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] o0
D(g) =~ de () (25)
il D k
Conv(g) = de( ) — ( ) (26)

S Experimental results and analysis of the
MGACACO algorithm

5.1 Operation environment and parameter
configuration

To test the performance of the proposed MGACACO
algorithm, several instances from TSPLIB (http://comopt.
ifi.uni-heidelberg.de/software/TSPLIB95/) are selected in
this psper. According to the characteristics of TSPLIB,
the distance among any two cities is calculated by the
Euclidian distance. At the same time, the GA, ACO and
PGACS (Jovanovic and Tuba 2011; Chen and Chien 2011)
(parallelized genetic ant colony system) algorithms are
selected to compare with the proposed MGACACO algo-
rithm. The experiment environment is described: the Pentium
1V, 2.40 GHz, 2.0 GB RAM, Windows XP and Matlab 2012b.
The initial parameters of the GA, ACO, PGACS and MGA-
CACO algorithms are selected after thorough testing. In the
simulation experiments, the alternative values were tested
and modified for some functions to obtain the most reason-
able initial values of these parameters. These selected values
of the parameters take on the optimal solution and the most
reasonable running time of these algorithms to efficiently
complete the problem solving. So the selected values of these
parameters are shown in Table 1

5.2 Experimental results

The GA, ACO, PGACS and MGACACO algorithms are per-
formed on a set of 28 Euclidean sample problems with sizes
ranging from 29 to 18,512 nodes. Each instance is described
by its TSPLIB name and size, e.g. in Table 2 the instance
named bayg29 has size equal to 29 nodes. For each instance, a
batch of 30 independent executions is performed. The results
of the simulated experiments are shown in Table 2. In Table
2, Best represents the found length of best solution, avg. rep-
resents the found average length of all solutions.

As it can be observed from Table 2, for the 28 TSP
instances with the GA, ACO, PGACS and MGACACO algo-
rithms, the best values and average values of the MGACACO
algorithm are better than the best values and average values
of the three other optimization algorithms in the experiment.
For TSP instances eil51 and rad100, the proposed MGA-
CACO algorithm can find the best known solutions 426
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Table 1 Parameters of the GA,

ACO. PGACS and MGACACO Parameters GA ACO PGACS MGACACO
algorithms Population size (M) 200 200 200 200

Ants (My) N/A 20 20 20

Iteration time (Tyax) 1000 1000 1000 1000

Crossover probability (P.) 0.90 N/A 0.90 0.90

Chaotic search state (u) N/A N/A N/A 3

Mutation probability (Pp,) 0.01 N/A 0.01 0.01

Pheromone factor («) N/A 1.0 1.0 1.0

Heuristic factor (8) N/A 2.0 2.0 2.0

Evaporation coefficient [p(#)] N/A 0.05 0.05 0.05

Stochastic selection threshold (go) N/A 0.1 0.1 0.1

Pheromone amount (Q) N/A 100 100 100
Table 2 The results of the simulated experiments
Instances Opt. GA ACO PGACS MGACACO

Best Avg. Best Avg. Best Avg. Best Avg.

bayg29 1272 1375.68 1397.49 1302.47 1325.64 1286.32 1298.56 1275.67 1284.36
eil51 426 445.46 467.43 431.02 437.79 429.45 432.29 426.00 427.21
berlin52 7542 76,120.45 7673.37 7584.36 7602.83 7579.24 7596.16 7544.37 7544.37
eil76 538 573.461 569.86 552.462 569.865 546.604 563.509 539.153 540.302
rat99 1211 1310.35 1335.32 1262.53 1294.32 1248.94 1277.79 1216.56 1223.86
rad100 7910 8089.25 8136.94 7986.36 8003.61 7964.38 7995.92 7910.00 7934.69
eil101 629 698.589 714.761 681.562 693.472 666.749 680.683 630.01 634.68
lin105 14,379 14,513.6 14,554.5 14,464.3 14,483.8 14,411.2 144,513 14,381.8 14,394.1
ch130 6110 6198.39 6199.37 6148.32 6171.66 6128.19 6145.94 6113.26 6123.92
prl36 96,772 97,147.2 67,331.6 96,989.5 67,279.3 96,943.6 67,202.3 96,945.1 67,142.6
kroA150 26,524 26,852.3 26,951.4 26,614.7 26,659.6 26,578.4 26,595.1 26,524.7 26,537.4
ul59 42,080 42,810.7 42,967.2 42,489.2 42,503.9 42,430.6 42,490.4 42,381.6 42,413.5
kroA200 29,368 29,856.1 29,985.6 29,505.3 29,521.8 29,470.7 29,492.8 29,380.2 29,434.7
pr226 80,369 80,913.6 89,003.1 80,689.2 80,821.5 80,612.6 80,785.3 80,532.1 80,692.3
pr264 49,135 49,793.5 49,963.7 49,414.5 49,498.2 49,325.1 49,430.4 49,138.0 49,165.1
pr299 48,191 48,741.5 48,891.2 48,3954 48,487.9 48,313.7 48,405.9 48,246.1 48,313.5
lin318 42,029 42,803.3 42.971.7 42514.3 42,586.3 42,451.7 42,490.2 42,284.9 42,368.3
rd400 15,281 15,754.3 15,910.7 15,452.6 15,521.2 15,386.0 15,432.5 15,332.6 15,394.7
pcb442 50,778 51,547.9 51,710.3 51,216.7 51,297.9 51,101.5 51,230.9 50,982.5 51,196.3
rat575 6773 6998.25 7094.58 6910.52 6999.95 6892.42 6970.56 6859.85 6901.25
u724 41,910 42.852.6 42,964.8 42,412.7 42,513.8 422914 42,398.3 42,267.7 42,378.5
rat783 8806 9098.67 91,689.3 8996.35 9012.55 8985.47 8995.21 8940.37 8976.92
pr1002 259,042 265,681 266,047 264,130 265,671 263,652 265,029 263,276 264,195
1140 20,127 20,985.3 21,048.6 20,812.2 20,884.7 20,741.7 20,780.6 20,683.8 20,776.2
d1655 62,128 64,106.5 64,506.2 63,941.1 64,346.4 63,701.6 64,170.4 63,615.6 64,133.7
pcb3038 137,694 143,196 144,867 141,103 141,958 141,129 141,584 140,589 141,047
R15934 556,045 577,841 578,954 574,562 576,120 573,448 575,886 572,348 575,371
d18512 645,238 6,730,673 67,668 669,741 674,925 668,474 671,200 667,649 669,265

Better values found using the proposed algorithm are in bold
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Table 3 The comparison results of the MGACACO algorithm with three other algorithms

Instances Optimal value Pasti’s method (2006) Marinakis’ method (2010) Escario’ method (2015) MGACACO
Best Avg. Best Avg. Best Avg. Best Avg.

eil51 426 433.00 442.72 430.16 437.79 427.12 429.68 426.00 427.21
eil76 538 552.00 563.20 544.672 551.241 540.538 545.690 539.153 540.302
rad100 7910 7937 8342.80 7935.46 7968.25 7912.65 7935.46 7910.00 7934.69
eill101 629 640.05 665.93 635.68 650.43 631.76 636.04 630.01 634.68
1in105 14,379 14,379 16,031.3 14,395.1 14,414.5 14,380.1 14,393.9 14,381.8 14,394.1
ch130 6110 6203 633243 6179.03 6199.35 6112.46 6120.68 6113.26 6123.92
ch1150 6528 6631 6742.46 6581.47 6597.15 6531.76 6561.32 6528.00 6539.86
kroB150 26,130 26,342 28,404.3 26,184.1 26,210.3 26,146.1 26,178.3 26,139.4 26,175.3
kroA200 29,368 30,144 33,228.3 29,404.2 29,476.3 29,376.2 29,402.9 29,380.2 29,434.7
kroB200 29,437 29,703 33,838.1 29,616.3 29,690.6 29,531.3 29,574.7 29,502.6 29,5124
lin318 42,029 43,154 45,832.8 42,275.6 42.331.8 42,280.4 42,374.1 42,284.9 42,368.3
rat575 6773 7090 8301.8 6902.94 6947.17 6867.02 6921.37 6859.85 6901.25
rat783 8806 9316 10,721.6 9104.65 9126.01 8806.00 8806.72 8940.37 8976.92
1140 20,127 20,758.0 21,174.7 20,672.7 20,735.2 20,127.0 20,127.0 20,683.8 20,776.2
d1655 62,128 67,459 71,168.1 63,712.7 64,205.9 63,657.3 64,174.1 63,615.6 64,133.7

Better values found using the proposed algorithm are in bold

and 7910. For TSP instances berlin52, €il76, €il101, 1in105
and kroA200, pr264, the proposed MGACACO algorithm
can find best solutions 7544.37, 539.153, 630.01, 14,381.8,
29,380.2 and 49,138.0, which are close to the best known
solutions 7,542,538, 629, 14,379, 29,368 and 49,135. It can,
also, be seen from Table 2 that the results of the ACO algo-
rithm are better than the results of the GA, but worse than the
results of the PGACS algorithm. That’s to say, the PGACS
algorithm can obtain better optimization results than GA and
ACO algorithm. For larger scale instances, Table 2 shows that
the average results of our proposed MGACACO algorithm
is better than other three methods. Thus taking into account
these results, we could say that the use of the multi-population
collaborative strategy and adaptive control parameters is very
significant to have improvement in the results. This last issue
proves the fact that the use of more than one strategies can
significantly improve the results,and the MGACACO algo-
rithm has more exploration abilities.

To further validate the effectiveness of the proposed
MGACACO algorithm, the MGACACO algorithm is com-
pared with Pasti’s method (Pasti and Castro 2006), Mari-
nakis’ method (Marinakisa and Marinaki 2010), and Escario’
method (Escario et al. 2015) for 15 TSP benchmark instances
from TSPLIB with cities scale from 51 to 1655. The com-
parison results of the MGACACO algorithm with three other
algorithms are shown in Table 3.

As it can be observed from Table 3, the proposed MGA-
CACO algorithm can find best solution for eil51, €il76,
rad100, eill01, ch1150, kroB150, kroB200, rat575 and
d1655. Escario’ method can find best solution for 1lin105,
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ch130 kroA200, rat783 and f1140, and Marinakis’ method
can find best solution for 1in318. For TSP instances eil51,
rad100 and ch1150, the proposed MGACACO algorithm
can find the best known solutions 426 and 7910. For rat783
and 1140, the Escario’ method can find the best known
solutions 8806 and 20,127. The MGACACO algorithm can
find best average solution for eil51, eil76, rad100, eil101,
ch1150, kroB150, kroA200, kroB200, rat575 and d1655.
Escario’ method can find best average solution for lin105,
ch130, rat783 and f1140. Marinakis’ method can find best
average solution for lin318. The MGACACO algorithm can
obtain better optimization results than Marinakis’ method
and Escario’ method in most of the given instances by ana-
lyzing comparison results.

5.3 The effective analysis of the MGACACO algorithm

According to the results of the simulated experiments from
Table 2 and the comparison results of the MGACACO algo-
rithm with Pasti’s method, Marinakis’ method and Escario’
method from Table 3, the proposed MGACACO algo-
rithm can obtain better optimization performance than the
GA, ACO, PGACS, Pasti’s method, Marinakis’ method and
Escario’ method in solving complex optimization problems
in general. Because in the proposed MGACACO algorithm,
the GA is used to dynamically adjust the initial pheromone
distribution of ACO algorithm to better control the exploita-
tion ability and exploration ability of each subpopulation, and
the chaotic optimization method is used to is used to over-
come long search time, avoid falling into the local extremum
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and improve the search accuracy. The adaptive adjusting
pheromone is introduced into each subpopulation to improve
the exploration ability and avoid prematurely converging
to the local optimal solution. The collaborative strategy is
used to dynamically balance the global search ability and
local search ability, comprehensively evaluates the state of
ACO algorithm and GA, and improves the convergence
speed. The simulation results show that the proposed MGA-
CACO algorithm can avoid falling into the local extremum,
and takes on better search precision and faster convergence
speed.

6 Conclusion

In this paper, a new novel collaborative optimization (MGA-
CACO) algorithm based on the GA, ACO, the chaotic
optimization method, multi-population strategy, adaptive
control parameters and collaborative strategy was proposed
to solve the complex optimization problems. A experimen-
tal study has been carried out, using 28 TSP instances and
batches of 30 tries, to provide an deep insight in the effect
of the proposed MGACACO algorithm. The performance of
the proposed MGACACO algorithm is investigated by tak-
ing into consideration best and average route length. To show
the effectiveness of the MGACACO algorithm, the results of
the MGACACO algorithm were compared with the results of
the GA, ACO, PGACS, Pasti’s method, Marinakis’ method
and Escario’ method. As seen from the experimental results,
the proposed MGACACO algorithm gave very good results
in most of the given instances and these results are better
than the results of the other algorithms in most of the given
instances in the comparisons. From the results obtained in
this work, it can be concluded that the performance of the
proposed MGACACO algorithm is better than or similar to
performance of compared methods. In the future, we will
focus on the application of the MGACACO algorithm to
other stochastic problems, such as Stochastic Vehicle Rout-
ing Problem, and in the development of other metaheuristic
approaches for solving more and more complex optimization
problems.
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