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Abstract—A review of the bacterial foraging optimization
algorithm used to solve numerical constrained optimization
problems is presented in this paper. After an introduction to
the algorithm and its main elements, a taxonomy of constraint-
handling techniques is presented and adopted to discuss the
different approaches based on the algorithm. Aspects related to
the most important elements of the algorithm with respect to
a constrained search space (e.g., constraint-handling technique,
stepsize, tumble-swim operator, reproduction process) are ana-
lyzed. Based on the findings of this literature review, some fertile
paths of research are presented.

I. INTRODUCTION

Besides evolutionary algorithms (EAs) [1], swarm intelligence
algorithms (SIAs) [2] have become popular nowadays to solve
complex optimization problems [3]. Regarding SIAs, particle
swarm optimization (PSO) was one of the first algorithms to
solve numerical optimization problems [4]. In recent years,
other SIAs have been proposed to deal with this type of
optimization problem, such as the artificial bee colony (ABC)
[5] and the bacterial foraging optimization algorithm (BFOA)
[6].

Both, EAs and SIAs, grouped as nature-inspired algorithms
(NIAs), were originally designed to deal with unconstrained
search spaces. Therefore, a constraint-handling technique must
be added to them so as to incorporate feasibility information
in the search process [7].

The constrained numerical optimization problem (CNOP),
without loss of generality, can be defined as to:

minimize f(Z)

subject to:

g9i(Z) <0,i=1,...m,
h](f) = 0, j = 1, ey Py

where & = [x1,x9,...,2,] € R", is the solution vector and
each decision variable x;, ¢ = 1,...,n is bounded by lower
and upper limits L; < z; < U;, which define the search space
S; m is the number of inequality constraints and p is the
number of equality constraints (in both cases, the constraints
can be linear or nonlinear). If F' denotes the feasible region,
then it must be clear that F° C S.

Regarding SIAs, the most popular algorithm to solve
CNOPs has been PSO [8]. However, other approaches have
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become attractive in recent years. This is the case of BFOA,
which has been adapted to solve CNOPs in different ways as
it will be detailed later in this paper. In fact, a recent review of
the state-of-the-art in constrained numerical optimization using
NIAs showed that the emergence of new search algorithms is
a current trend in the area [9].

This work surveys those adaptations made to BFOA to deal
with CNOPs, focusing on the type of modification made to
the algorithm, advantages and shortcomings. Furthermore, a
taxonomy based on the type of constraint-handling mechanism
is presented and adopted.

The document is organized as follows, Section II introduces
BFOA and its main elements. Section III briefly presents a
classification of constraint-handling techniques. Afterwards,
Section IV lists those BFOA versions which solve CNOPs,
describing their constraint-handling techniques, the modifi-
cations made to the algorithms, and their advantages and
disadvantages. Section V shows findings obtained from the
literature review and, based on them, the future paths of
research. Finally, Section VI presents the general conclusions
regarding BFOA for CNOPs.

II. BFOA

The bacterial foraging optimization algorithm was proposed
by Passino to solve unconstrained numerical optimization
problems [6]. BFOA has showed a competitive performance
against well-known EAs such as differential evolution (DE)
[10], [11], genetic algorithms [12], [13], and also with respect
to other SIAs like PSO [14], [15].

BFOA emulates the behavior of the bacterium E.Coli in its
search for nutrients in its environment. Each bacterium tries
to maximize its obtained energy per unit of time spent on
the foraging process while avoiding noxious substances. In
fact, bacteria can communicate with others located in their
neighborhood. A swarm of biological bacteria S behaves as
follows [6]:

1) Bacteria are distributed in the map of nutrients at ran-

dom.

2) Bacteria locate high-nutrient regions in the map by

chemotaxis movements (tumble and swim).

3) Bacteria in regions with noxious substances or low-

nutrient regions will die and disperse, respectively.



4) Bacteria in high-nutrient regions will reproduce by split-
ting. They will also attempt to attract other bacteria by
generating chemical attractors.

5) Bacteria now disperse to seek new nutrient regions in
the map.

From the above list, four processes can summarize the bac-
terial foraging behavior: (1) chemotaxis, (2) swarming, (3)
reproduction and (4) elimination-dispersal. BFOA is precisely
based on them [6].
A bacterium 6°(j, k,[) represents a potential solution to the
optimization problem, identified as # in Section L. 6%(j, k, 1),
means that bacterium ¢ is in its jth chemotactic loop, its kth
reproduction loop, and its [th elimination-dispersal loop.
Within the chemotactic loop, a bacterium tumble was mod-
eled by Passino [6] with a random search direction ¢(i) as
presented in Equation 1:

) A

o) = 20 __ (M
A()TA()

where A(7) is a randomly generated vector of size n with

elements within the following interval: [—1,1]. Afterwards,

each bacterium 7 changes its position by a swim movement as

indicated in Equation 2:

0" (j+1,k,1) = 6°(j, k, 1) + C(i) (i) 2)

where 0'(j + 1,k,l) is the new position of bacterium i,
(4, k,1) is the current position of bacterium i, C(i) is the
stepsize value defined by the user, and ¢(4) is the tumble value
as detailed previously in Equation 1.

The swim will be repeated N, times if and only if the
new position is better than the previous one, i.e., (assuming
minimization) f(6°(j + 1,k,1)) < f(6°(j, k,1)). Otherwise,
a new tumble is computed. The chemotactic loop stops when
the chemotactic loop limit N, is reached for all bacteria in the
swarm. The swarming process is based on a modification of the
fitness landscape by making the boundaries of the location of
a given bacterium more attractive, with the aim to attract more
bacteria to such a region. This process requires the definition
of a set of parameter values by the user. [6].

The reproduction process consists of sorting all bacteria
in the swarm 6°(j,k,1),Vi, i = 1,..., N, based on their
objective function value f(6(j,k,1)) and eliminating half
of them with the worst value. The remaining half will be
duplicated so as to maintain a fixed swarm size.

The elimination-dispersal process consists on eliminating
each bacteria 6%(j, k,1),Vi, i = 1,..., N, with a probability
0<Py< 1.

The corresponding pseudocode is presented in Figure 1
where, in its caption, those BFOA input parameters are sum-
marized.

III. CONSTRAINT-HANDLING TECHNIQUES

Recalling from Section I, BFOA, as other NIAs, was
originally designed to sample unconstrained search spaces. A

Begin
Create a random initial swarm of bacteria 6° (4, k, 1)
Vi,i=1,...,5%
Evaluate f(0°(j, k,01)) Vi, i =1,...,5
For I=1 to N.4 Do
For k=1 to N,.. Do
For j=1 to N. Do
For i=1 to S, Do
Update f(0°(j, k,1)) to emulate the swarming process
Perform the chemotaxis process
(tumble-swim) with Equations 1 and 2
for bacteria 6°(j, k, 1) controlled by N
End For
End For
Perform the reproduction process by sorting
all bacteria in the swarm based on f(0*(j + 1, k,1)),
deleting the S, worst bacteria and duplicating the remaining Sy, — S,
End For
Perform the elimination-dispersal process by eliminating
each bacteria 0° (5, k, 1) Vi, ¢ = 1,...,Sp with probability 0 < P.g <1
End For
End

Fig. 1.  BFOA pseudocode. Input parameters are number of bacteria Sy,
chemotactic loop limit N, swim loop limit /N, reproduction loop limit Ny,
number of bacteria for reproduction Sy (usually S, = Sp/2), elimination-
dispersal loop limit N4, stepsizes C; (they depend of the dimensionality of
the problem) and probability of elimination dispersal P,q.

considerable amount of research has been devoted to design
competitive constraint-handling techniques for NIAs [7], [16].
Based on an updated review of the state-of-the-art in nature-
inspired constrained optimization [9] the constraint-handling
techniques can be divided in two generations. In the first one
those constraint-handling mechanisms were focused on:

o Penalty functions [17]: based on decreasing the fitness
of infeasible solutions depending on their constraint vi-
olation to favor feasible ones in the selection process.
Penalty factors defined by the user set the severity of the
punishment.

o Decoders [18]: based on a transformation of the original
feasible region into a more suitable space where the
search was carried out.

o Special operators[19]: designed for particular problems to
maintain the feasibility of new solutions generated from
feasible ones.

o Separation of objective function and constraints [20]: un-
like penalty functions, where those values are combined
into a single value, these approaches use such values
separately as selection criteria depending of the situation
in the search.

In those first-generation constraint-handling techniques dif-
ferent shortcomings were observed, such as an unsuitable bias
(e.g. separation of objective functions and constraints), need
of a careful fine-tuning of parameters (e.g. penalty functions),
difficulties for generalization (e.g. special operators), or even
high computational cost and/or difficult implementations (e.g.
decoders).

The second-generation of constraint-handling techniques are
the following:

o Feasibility rules [21]: a set of three criteria where the
objective function and the sum of constraint violation are



handled separately without adding additional user-defined
parameters.

o Stochastic ranking [22]: a sorting mechanism based on
feasibility; however, based on a user-defined parameter,
some solutions are sorted based only in their objective
function value, regardless of feasibility.

o c-Constrained method [23]: transforms a CNOP into an
unconstrained numerical optimization problem by using
a tolerance called € to consider as feasible those slightly
infeasible solutions.

o Novel penalty functions [24], [25]: mostly dynamic or
adaptive penalty functions which may not require user-
defined penalty factors.

o Novel special operators [26]: unlike those of the previous
generation, these ones are focused on sampling regions
of interest in the search space, e.g., the boundaries of the
feasible region.

o Multi-objective concepts [27]: transforms the CNOP into
an unconstrained multi-objective optimization problem
where Pareto dominance or Pareto ranking are used as
selection criteria.

« Ensemble of constraint-handling techniques [28]: a com-
bination of two or more constraint-handling techniques
within a NIA.

Another issue taken into account in those second-generation
constraint-handling techniques is the importance of the search
algorithm adopted. One of the first NIAs used were the
genetic algorithm [19], [29], [30], DE [31], [32], [33] and
PSO [34], [35], [36] among others. Motivated precisely by
such preference for some particular NIAs, this paper surveys
BFOA adapted to solve CNOPs, as will be detailed in the next
section of this document.

IV. IMPLEMENTATION OF BFOA IN PROBLEMS WITH
CONSTRAINTS

In this section those BFOA versions which solve CNOPs
are presented and discussed.

Mezura-Montes and Herndndez-Ocafia in [37] proposed the
modified bacterial foraging optimization algorithm (MBFOA)
to solve CNOPs, particularly mechanical design problems. The
modifications can be divided in two aspects: (1) the simpli-
fication of the original BFOA (i.e. decreasing the number of
user-defined parameters and eliminating one of the four nested
for loops, see Figure 1) and (2) adding a suitable constraint-
handling mechanism. As a result, in MBFOA each bacterium
performed its own chemotactic loop within a generation loop
and the reproduction and elimination-dispersal loops were
changed as single steps. Moreover, the stepsize value was
defined by using a formula based on the limits of the design
variables instead of asking the user to tune it. A simple swarm-
ing mechanism was also added to the redefined chemotactic
step for each bacterium in the population, i.e., at half and
at the end of the chemotactic loop, instead of a tumble-
swim movement, each bacterium is attracted by the best
bacterium in the swarm. Regarding constraint-handling, the
feasibility rules [21] (second-generation constraint-handling

technique) were adopted as criteria in the comparison of
solutions so as to bias the search to the feasible region. The
approach was tested on three well-known engineering design
problems. The results were compared against PSO variants.
MBFOA provided competitive results with a lower number
of function evaluations while requiring less parameters to be
defined by the users. The main advantages of MBFOA is the
reduction of user-defined parameters and one inner loop of
BFOA. However, the approach was particularly sensitive to
the stepsize value, even it was defined by using the boundaries
of the decision variables. Finally, the feasibility rules allowed
MBFOA to consistently reach the feasible region of the search
space, but their strong preference for feasible solutions led to
premature convergence in some runs.

MBFOA was later extended by Mezura-Montes et al. [38] to
solve a bi-objective mechanical design optimization problem
of a continuously variable transmission, where the output of
a four-bar mechanism must be maximized while the differ-
ences of the transmission angles must be minimized. Besides
inequality and equality constraints, the bi-objective problem
considered in its model one dynamic inequality constraint
related with an angle which must maintain its value below
a specific value along a whole crank cycle. Pareto dominance
coupled with the set of feasibility rules (second-generation
constraint-handling technique) were adopted as selection cri-
teria in the approach. Crowding distance was added as a
diversity mechanism in the objective space, while elitism by
an external archive was considered and the reproduction of
bacteria was used at a minimal basis. The results obtained
were compared with respect to those of four state-of-the-
art approaches for multi-objective optimization. The main
advantage of the approach was that the Pareto front obtained
was clearly different from those reached by the compared
algorithms i.e. MBFOA was able to sample different (and more
suitable for the problem based on later experiments) regions
of the search space. Furthermore, the feasible region of the
search space was consistently reached even in presence of
the dynamic constraint. In fact, feasible solutions were found
early in the search. However, the algorithm was sensitive to
its parameters, particularly the stepsize value. Moreover, the
performance based on metrics such as two-set coverage and
hypervolume was not so competitive.

Praveena et al.[11] proposed a hybrid approach BFOA-
PSO-DE to solve a dynamic economic dispatch problem. The
velocity value used in PSO plus the differential mutation of DE
were applied to bacteria within and after the traditional tumble-
swim operator, respectively. Instead of using a random search
direction, bacteria were guided by a velocity vector as in PSO.
After such movement, the differential mutation operator was
applied to each bacterium. Regarding the BFOA parameters,
the stepsize was randomly chosen between a range (0.1,1.8).
A first-generation constraint-handling technique based on a
static penalty function (i.e., a penalty factor is defined at the
beginning of the search and remains fixed during the process)
was adopted. From the results reported it is assumed that
such a constraint-handling technique provided a competitive



performance because only feasible solutions were shown and
no significant sensitivity to the lone penalty factor (a value
of 0.1 or 0.2) was reported. A comparison against other
hybrid approaches suggested a competitive performance of
the proposed algorithm. However, no statistical information of
the results was provided nor further details on the number of
independent runs carried out. Finally an important shortcoming
of the approach is the high number of parameters, most of
them inherited by PSO and DE, that must be fine-tuned by
the user, including the penalty factor which worked well, but
only one problem was solved.

Chunguang et al. [39] implemented BFOA to solve a smelt-
ing ingredient diluting optimization problem. Unlike other
BFOA applications, this approach kept intact all parts of the
algorithm. A penalty function based on Lagrange multipliers
(first-generation constraint-handling technique) was adopted to
incorporate feasibility information in the selection processes
within BFOA. The results obtained with BFOA in five inde-
pendent runs were better compared with those obtained by
a heuristic experience method. The main advantages of the
approach are the obtained results and the simplicity of the
constraint-handling technique adopted. However, the BFOA
parameter values, including the stepsizes, were defined by the
user and only one test instance was tackled. Therefore, the
sensitivity of BFOA to its parameters, including those related
with the constraint-handling technique, is unknown. Finally,
no comparison against other NIAs were reported.

Wei et al. [40] implemented a BFOA variant to solve one
instance of the thermal non-destructive test and evaluation
(TNDT/E) problem to identify parameters with defects. A
surrogate model based on a radial basis function neural net-
work was used to decrease the computational time required
to evaluate a single solution. A first-generation constraint-
handling technique based on death-penalty (i.e., an infeasible
solution is eliminated and another one is generated at random
until it is feasible) was adopted in the approach. A comparison
was made against a PSO-based algorithm. Even the approach
seems to provide a suitable convergence behavior based on
the plots shown in the paper with respect to that obtained by
PSO, no statistical information nor validation was presented.
Therefore, the robustness of the approach was not analyzed.
On the other hand, considering that no further comments were
made regarding the difficulty to generate feasible solutions, the
feasible region of the search space was not hard to find even
with the simple constraint-handling adopted.

Pangrahi et al. [10] adapted BFOA to solve a bi-objective
instance of the economic emission dispatch problem. Two
sorting mechanisms taken from evolutionary multi-objective
optimization were added to BFOA to deal with two-objectives
instead of only one (non-dominated sorting and fuzzy-
dominance-based sorting). Those sorting mechanisms were
used to select the bacteria to remain for the next cycle.
Moreover, a parameter called “guide” was added so as to allow
some bacteria to swim by using a direction previously used by
other bacteria. The equality constraints of the problem were
satisfied by a special mechanism using the Newton-Raphson

method. No details were given on the constraint-handling
for the inequality constraints of the problem. However, the
results provided were feasible. A fuzzy mechanism for an a-
posteriori preference handling was used to select the most
suitable solution from the final Pareto front obtained. A
comparison of results against well-known evolutionary multi-
objective algorithms such as NSGA, NPGA, SPEA, among
others, was presented, where those from the BFOA version
with fuzzy-dominance-based sorting were the most compet-
itive. Furthermore, the results on three performance metrics
showed that the fuzzy-dominance-based sorting was superior
with respect to non-dominated sorting in BFOA. The main
disadvantages of the approach are the very specific type of
constraint-handling mechanism which is difficult to generalize
and also the high number of parameter values which must be
defined by the user. In fact, the authors remark that the stepsize
required by the tumble operator is one of the most sensitive
parameters in the algorithm. Finally, only one test instance
was solved.

Pangrahi et al. [41] revisited the non-dominated sorting
mechanism in BFOA while solving the same problem of their
previous work (the economic emission dispatch problem) with
an improvement related with the “guide” parameter. In this
more recent work, the search direction used from previous
bacteria was that of a bacterium with a better rank with respect
to the current bacteria (the one performing its tumble-swim
movement). Constraints were handled in a similar way to the
previous work. Finally, a comparison against a classic multi-
objective optimization approach called e-constrained method,
was included. The advantages of this new version of the
approach remain the same i.e., the competitive results. In the
same way, the shortcomings of the new version are inherited
from the former (the very specific constraint-handling mech-
anism, the high number of parameter values, including the
“guide” value, to be defined by the user and the fact that only
one problem was solved).

Deshpande et al. [42] adopted BFOA to solve a supply chain
optimization problem modelled as an improved fuzzy multi-
objective optimization problem which was transformed into
a single-objective optimization problem by using a weighted
sum approach. The approach minimized the operation cost and
the delivery time of the product, while maximizing the level of
index service to take a control of the product inventory in the
supply chain. Constraints were handled with a first-generation
constraint-handling technique based on death-penalty, where
infeasible solutions were eliminated and new solutions were
generated at random until they were feasible, i.e. the search
was carried out only within the feasible region of the search
space. The main change in BFOA was the solution encoding,
because the decision variables took integer values instead of
real values (as in the original BFOA). Therefore, a rounding
process was made to the continuous values of each bacterium
before applying the tumble-swim operator. Two cases of one
test instance were solved by the approach and the results
obtained were competitive in both of them. Such performance
seems to be the main advantage of the approach. However, it



was not clear how difficult it was to generate feasible solutions
at random. Furthermore, the multi-objective problem was
solved as a single-objective one, which may cause some trade-
off solutions not being generated due to the weight values
adopted in the experiments. Finally, no extensive statistical
validation was provided.

Mezura-Montes and Lopez-Dévila [43] improved the mod-
ifitd BFOA (MBFOA) with an adaptive parameter control
mechanism for the stepsize, a reduction in the frequency of
the reproduction and elimination-dispersal processes and the
addition of a local search operator when solving CNOPs. The
stepsize, which has been reported as a critical parameter for
BFOA, was adapted based on the successful movements made
by all bacteria in a cycle. If the overall success movement
percentage was below 20%, the stepsize values were decreased
because convergence was being reached. Otherwise, the step-
size values were increased to promote more exploration. As in
MBFOA, the initial stepsize values were defined according to
the design variables boundaries. A mathematical programming
method called Hooke-Jeeves was adopted as a local search
operator. It was applied to a user-defined percentage of the
best bacteria in the swarm (based on the second-generation
constraint-handling technique known as the feasibility rules) at
certain cycles (defined by the user). Also at certain cycles the
reproduction and elimination-dispersal processes were applied.
The proposal (known as MBFOA-Adaptive Stepsize and Local
Search, MBFOA-AS-LA for short) was tested in a well-
known benchmark for constrained numerical optimization and
compared with respect to BFOA and other NIAs. Despite the
fact that the usage of local search decreased the evaluations re-
quired by the algorithm to reach competitive results, premature
convergence was observed in some test problems and also a
high sensitivity to some parameters (one related with the initial
stepsize and another related with the swarming operator) was
reported.

Pandit et al. [12] proposed a ;-BFOA to solve four instances
of the environmental economic dispatch problem. In their
approach, a swarm of only three bacteria was used and the
stepsize was adapted with an oscillatory behavior during the
optimization run. From the three bacteria in the swarm, the
best one was kept for the next iteration, the second best was
reproduced with a crossover operator, while the third one was
eliminated and replaced with a new bacterium generated at
random. A first-generation static penalty function was used as
a constraint-handling mechanism. The approach was compared
against the original BFOA, the well-known genetic algorithm
for multi-objective optimization called NSGA-II, an artificial
immune system, and PSO, among others. The proposal showed
a competitive performance even working with a swarm of
only three bacteria and this is precisely its main advantage,
i.e. a low computational cost may be obtained. However, the
1-BFOA inherited the drawback of a static penalty function
because its fine-tuning must be made if the approach is
applied to other problems. Furthermore, a new parameter was
added for the crossover operator adopted for the second best
bacterium in the swarm.

Vaisakh et al. [44] added operators from PSO and DE
into BFOA to solve static and dynamic instances of the
economic dispatch optimization problem. The tumble operator
was replaced by a velocity calculation as in PSO. Furthermore,
after the chemotactic step, the differential mutation was used
to modify the position of bacteria. The stepsize was generated
at random between suitable values [0.1,5.0] during a single
run. A first-generation static penalty function was used to
deal with the constraints of the problem. The results obtained
were compared against the original BFOA, ED, PSO, and
memetic algorithms with sequential quadratic programming
(SQP) as local search operator, e.g. evolutionary programming
with SQP and PSO with SQP. The overall performance of
the approach was very competitive. The main advantage of
the approach is the enriched velocity-swim operator which
improved its convergence behavior. Furthermore, the differ-
ential mutation helped the algorithm to avoid local optimum
solutions. However, besides the fine-tuning required by the
approach for the penalty factors adopted (four in this case)
additional parameter values must be defined by the user, e.g.
from PSO the acceleration coefficients ¢, co, and the inertia
factor w, and from ED the amplification factor sy used in the
differential mutation.

Saber [45] included BFOA’s tumble-swim operator into PSO
to avoid premature convergence when solving economic dis-
patch optimization problems. A first-generation static penalty
function was used as a constraint-handling mechanism. How-
ever, an interesting usage of the amount of constraint violation
was proposed in this work, because it was used, coupled with
the iteration number, to adaptively define the stepsize of the
tumble-swim operator, i.e. the feasibility information biased
the movement of bacteria. The approach was compared against
an evolutionary algorithm with and without SQP as a local
search operator. The main advantage of the approach is its
ability to provide better results with less computational cost.
It is also remarkable the way the feasibility information is
used to control the stepsize of bacteria in the search. The
main shortcomings of the approach are the limited number
of test problems solved (i.e., questions about its performance
in other instances remain without an answer), and the number
of parameters (PSO and BFOA) which must be fine-tuned by
the user, including the penalty factors.

Niu et al. [46] proposed a linear decreasing stepsize value
within BFOA to solve portfolio optimization problems. A first-
generation static penalty function was used for constraint-
handling. Preliminary experiments in some well-known uncon-
strained numerical optimization problems showed the ability
of the linear-decreasing mechanism to avoid premature conver-
gence. Furthermore, based on the statistical results provided by
the approach in the portfolio optimization problems solved, its
performance was clearly better with respect to the traditional
BFOA, a PSO with also a linear decreasing mechanism for
the inertia weight value, and also with respect to a traditional
genetic algorithm. Such performance, besides the simplicity
of the linear decreasing mechanism, are the main advantages
of the approach. However, the main shortcoming, besides the



static penalty function adopted, is the definition of two addi-
tional parameters precisely related with the linear decreasing
mechanism for the stepsize value, whose values might be
problem-dependent.

V. ANALYSIS

From the review presented in Section IV and the summary
in Table I, the following findings are outlined:

A. Constraint-handling

Most algorithms based on BFOA to solve CNOPs use first-
generation constraint-handling techniques. The most popular
has been the static penalty function [11], [12], [39], [44], [45],
[46], followed by the death penalty for some problems where
it was not so difficult to find the feasible region of the search
space [40], [42], and special operators particularly related
with the economic dispatch optimization problem [10], [41].
Regarding second-generation constraint-handling techniques,
the set of feasibility rules has been the only one adopted by
BFOA [37], [38], [43].

B. Modifications to BFOA

o The most critical parameter of BFOA when solving
CNOPs is the stepsize. However, in most of the ap-
proaches discussed in Section IV, it was a user-defined
parameter [10], [39], [40], [41], [42]. On the other hand,
there are initial efforts to design expressions to assign
stepsize values based on the features of the problem [37],
[38]. There are also less popular proposals to (1) generate
stepsize values at random [11], [44], (2) use dynamic
adjustment [12], [46], or (3) use adaptive approaches
[43], [45]. It is worth remarking that Saber [45] proposed
an adaptive mechanism for the stepsize which uses the
feasibility information in such calculations.

o Another improvement made to BFOA when solving
CNOPs was on the tumble-swim operator, e.g., a velocity
instead of a random search direction [11], [44], a guide
mechanism [10], [41], and a swarming operator [37],
[38], [43].

o The reproduction process was minimized-modified in
BFOA to avoid premature convergence [10], [12], [38],
[40], [41], [43], [45].

o BFOA has been improved by combining it with other
algorithms such as PSO-DE [11], [44], only PSO [45],
and Hooke-Jeeves as a local search operator [43].

o There are BFOA variants with small populations (i.e. u-
BFOA) [12] as well as an adapted version for discrete
search spaces [42].

C. Problems solved

It was interesting to note that the most tackled problem was
the economic dispatch optimization problem [10], [11], [12],
[41], [44], [45], followed by mechanical design instances [37],
[38], engineering processes [39], [40], supply chain optimiza-
tion [42], and portfolio optimization [46]. Quite surprising,
only one approach has been tested in well-known benchmarks
for CNOPs [43].

D. Promising paths of research

From the above discussion, the following paths of research
are considered as promising for BFOA to solve CNOPs:

o The addition of second-generation constraint-handling
mechanisms (e.g. e-constrained, multi-objective concepts,
stochastic ranking, ensemble of constraint-handling tech-
niques, among others) to BFOA.

o The definition of other dynamic or adaptive mechanisms
for the stepsize value, where the feasibility information
is considered, so as to make them more suitable for
constrained optimization.

o Solving a wider set of test problems [47], [48], where
performance measures are computed [49].

o Combining BFOA with other NIAs such as evolution
strategies, artificial bee colony [49], evolutionary pro-
gramming [50], genetic algorithms [1], etc.

o Considering local search operators, already successfully
used by other NIAs, now added to BFOA (e.g. SQP,
Nealder-Mead).

o Adopting other crossover operators for the reproduction
process.

o Further studies of surrogates models in BFOA when
dealing with constrained search spaces.

o A more in-depth analysis of both, the BFOA for discrete
search spaces and the p-BFOA.

VI. CONCLUSIONS

This paper presented a review of the bacterial foraging
optimization algorithm used to solve constrained numerical
optimization problems. After a brief introduction to the algo-
rithm and its elements, a classification of constraint-handling
techniques taken from the specialized literature was presented
and adopted to describe and discuss each BFOA approach.
From the literature review, a lack of novel constraint-handling
techniques in BFOA was observed, i.e., mostly first-generation
penalty functions and special operators have been adopted,
then more second-generation techniques may be included in
future works. Moreover, different elements of BFOA have
been subject of improvement and more work on them is
suggested (stepsize value, search direction in the tumble-swim
operator and reproduction process). Even BFOA has been
hybridized, mainly with PSO and DE, other NIAs may be used
with that purpose. The same applies for local search operators
and also surrogate models. Those novel versions of BFOA
for discrete search spaces and also the u-BFOA deserve more
study and analysis. Finally, BFOA is still a young algorithm
compared with, for example, EAs, and must be analyzed in
more test problems using performance measures. As a final
conclusion, BFOA seems to be in the very initial phase in
its usage to solve CNOPs. Therefore, more research work is
expected in the years to come so as to get another solid option
to deal with numerical optimization problems in presence of
constraints.



TABLE I
MAIN FEATURES OF EACH BFOA APPROACH DIVIDED BY THE GENERATION OF THE CONSTRAINT-HANDLING ADOPTED.

Authors Constraint-handling

technique

Step size
handling

Special feature

First generation

Praveena et al. [11] Penalty function

Random Hybrid BFOA-PSO-DE

Chunguang et al. [39] Penalty function

User-defined

None

Wei et al. [40] Death penalty User-defined Surrogate-assisted
Pangrahi et al. [10] Special operator User-defined Tumble-swim
operator improvement
Pangrahi et al. [41] Special operator User-defined Tumble-swim

operator improvement

Deshpande et al. [42] Death penalty

User-defined

Integer search space

Pandit et al. [12] Penalty function

Dynamic Small population

Vaisakh et al. [44] Penalty function

Random Hybrid BFOA-PSO-DE

Saber [45] Penalty function

Adaptive using
feasibility information

Hybrid PSO-BFOA

Niu et al. [46] Penalty function

Dynamic None

Second generation

Mezura-Montes and
Hernandez-Ocafia [37]

Feasibility rules

Defined by formula
and fixed during the run

Simplification of the
original BFOA

Mezura-Montes et al. [38] Feasibility rules

Defined by formula
and fixed during the run

Simplification of the
original BFOA for
multi-objective optimization

Mezura-Montes and
Lépez-Dévila [43]

Feasibility rules

Adaptive Local search
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