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Evolutionary Computation (EC) approaches are inspired by nature and solve optimization problems in a stochastic manner. They can
offer a reliable and effective approach to address complex problems in real-world applications. EC algorithms have recently been used
to improve the performance of Machine Learning (ML) models and the quality of their results. Evolutionary approaches can be used in
all three parts of ML: preprocessing (e.g., feature selection and resampling), learning (e.g., parameter setting, membership functions,
and neural network topology), and postprocessing (e.g., rule optimization, decision tree/support vectors pruning, and ensemble
learning). This paper investigates the role of EC algorithms in solving different ML challenges. We do not provide a comprehensive
review of evolutionary ML approaches here; instead, we discuss how EC algorithms can contribute to ML by addressing conventional
challenges of the artificial intelligence and ML communities. We look at the contributions of EC to ML in nine sub-fields: feature
selection, resampling, classifiers, neural networks, reinforcement learning, clustering, association rule mining, and ensemble methods.
For each category we discuss evolutionary machine learning in terms of three aspects: problem formulation, search mechanisms, and

fitness value computation. We also consider open issues and challenges that should be addressed in future work.
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1 INTRODUCTION

Finding patterns in data is the core and most important step in Machine Learning (ML). Doubtlessly, one of the most
successful early applications of its principles was conducted by Turing when he used it to help crack the Nazi military’s
vexing Enigma machine by building a machine that could quickly sort through millions of possibilities to divine the
code. Then in 1950, an approach called “learning machine” was proposed by Alan Turing to implement the principles
of evolution [175]. Today, the most recent and powerful ML techniques are inspired by nature and are known as the
field of natural computation. The concept and terminology of natural computation has two essential sources: 1) taking

inspiration from nature and 2) employing computers. This terminology can be used to simulate a natural phenomenon,
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2 Telikani et al.

employ natural materials, or develop novel techniques to solve problems. As part of Artificial Intelligence, Evolutionary
Computation (EC) approaches are considered one category of this field, with their power stemming from the processes
nature used to produce intelligent organisms. The processes applied in EC are inspired by natural evolution and the
best solutions nature has evolved over millions of years. As a result, EC techniques can be expected to be efficient and
effective. EC algorithms generally work with populations of individuals that are associated with a specific problem to
be solved.

While evolution and learning are two aspects of adaptation in both natural and artificial systems, one can discern
them on the basis of the lifetime of an individual. We speak of learning adaptation if an individual, during its lifetime
adapts to a certain problem domain. We speak of evolutionary adaptation, if an individual is part of a hereditary
sequence of individuals whose features are changing over the course of generations. Similar to natural systems, where
evolution and learning complement each other, there is a bidirectional relationship in computing between EC techniques
and learning algorithms so that they can be combined to attack complex optimization problems in different domains
together, e.g., in the energy, machinery, medical, engineering, and pharmaceutical industry. On the one hand, learning
algorithms are integrated into evolutionary techniques to address problems with EC approaches, such as being trapped
in local optima and premature convergence. Some works presented in this regard are, for example, a Cuckoo Search
algorithm that has been improved using Q-learning [96][97], adaptive learning [94], the Taguchi method [95], and
balanced-learning strategies [98]. Learning algorithms have also been used in Particle Swarm Optimization (PSO)[148]
and elephant herding optimization [99][100].

On the other hand, evolutionary algorithms can be used to improve ML algorithms, the main topic of this paper.
Most problems in real-world applications contain inaccurate, noisy, discrete and complex data, for which evolutionary
computing algorithms, by virtue of being general-purpose and stochastic search methods, provide great optimization
opportunities [183]. In recent years, many researchers have integrated EC approaches into different phases of the ML
processes (i.e., preprocessing, learning, and postprocessing) in order to address the limitations of traditional approaches.
These new and hybrid methods are known as Evolutionary Machine Learning (EML). EC in the learning phase of ML
also refers to evolutionary AutoML concepts, in which different expert-designed components of ML models, such as
architecture and hyperparameters, are automatically determined using EC approaches. Also, optimization algorithms,
such as gradient-based training algorithms, are replaced by EC algorithms or even invented by an EC approach [103, 144].

A number of surveys and review papers have been published that cover specific aspects of EML. For example, Al-Sahaf
et al. [3] published a review paper that addresses major EML tasks such as classification, regression, and clustering.
Badhon et al. [15] published a review paper that addresses Multi-Objective Evolutionary Algorithms (MOEAs) for
Association Rule Mining (ARM). Also, Telikani et al. [169] published a review paper on the application of EC techniques
for ARM. In addition to the recently published paper regarding evolutionary feature selection [183] Barros et al. [17]
published a survey of evolutionary algorithms that were designed for Decision Tree (DT) induction. Four survey
papers were published to address evolutionary clustering with [61, 64, 129, 133]. Mukhopadhyay et al. [129] published
a survey of multi-objective evolutionary clustering techniques looking at different aspects including representation
techniques, objective functions, evolutionary operations, strategies for maintaining non-dominated individuals, and
final individual selection. Darwish et al. [38] reviewed the application of swarm intelligence and EC approaches to deep
learning. Mukhopadhyay et al. [130, 131] published a two-part survey discussing recent developments in multi-objective
evolutionary algorithms for data mining problems such as feature selection, classification, clustering, and ARM.

Focus and content of this paper are somewhat different from those surveys. Whereas other surveys focused on EC

algorithms designed for a particular task/aspect such as feature selection [183], DT [17], ARM [15, 169], clustering
Manuscript submitted to ACM Computing Surveys
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[61, 64, 129, 133], and deep learning [38], this paper investigates the more general question of how EC algorithms are
applied to different aspects of ML and how ML problems can be formulated for optimization using evolutionary search
mechanisms. We discuss EML in light of the following three aspects: problem formulation/individual representation,
search mechanisms, and fitness function.

The rest of the paper is organized as follows: Section 2 provides background information on ML and EC. Section 3
considers the application of EC to different parts of ML and presents an overview of EML approaches. Section 4 reviews
applications of EML approaches. Section 5 discusses current issues and challenges. Finally, Section 6 holds a critical

summary of the current state of the art in light of present issues and challenges.

2 FUNDAMENTAL CONCEPTS

The next subsections provide a categorization and the characteristics of machine learning and evolutionary computation.
Fig. 1 shows how neural and evolutionary computation concepts intersect and EC as they relate to ML and natural

computation.

2.1 Machine Learning

Machine learning, a subset of artificial intelligence techniques, applies algorithms to extract patterns by using mathemat-
ics, statistics, optimization, and knowledge discovery methods. Fig. 2 illustrates the basic taxonomy of ML, consisting of
three main categories: (1) Supervised Learning, (2) Unsupervised Learning, and (3) Reinforcement Learning (RL) [21].

Manuscript submitted to ACM Computing Surveys
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Supervised learning, the most well-known ML data processing task, attempts to find relationships between a set of
inputs and outputs that are provided for training the system [177]. A mapping function from an input x with the best
estimation of output y (f:x—y) is applied at the end of the training process. Supervised learning algorithms build a
model representing the relationships among the input features used to forecast the target outputs [84]. These algorithms
include two main categories: (1) classification (discrete modelling) and (2) regression (continuous modelling). Both
categories are predictive modeling techniques; the only difference is their target (response) variables. In classification,
the target variable is in the form of categories (class labels), as in binary-class or multi-class problems. In regression,
however, the target variable is continuous. Fig. 3 shows a schematic of model building using ML algorithms.

Raw data is the only input to unsupervised learning, which - unlike supervised learning - does not have target variables
available to supervise the learning process. Unsupervised learning can be categorized into three main categories: (1)
clustering, (2) association rule discovery, and (3) dimensionality reduction. This is discussed in more detail in Section 3.

The third category is reinforcement learning, widely used to address Markov decision processes. In RL, an agent
learns to act in its environment with its own optimal policy through interaction with said environment. RL focuses on
maximizing the reward for an agent by actions in the environment [177]. The essence of RL involves an autonomous
agent, as illustrated in Fig. 4, such as a person, animal, robot or software agent, that navigates an uncertain environment
with the goal of maximizing a numerical reward. That reward, however, is not immediate after an action, but only
after a sequence of actions that have gradually changed the environment for the agent. Sports are a good example of
RL; our autonomous agent would have to deal with the strategy and continual actions that occur in a sporting event
such as a tennis match. In a tennis match, the agent would have to consider actions like serving, returns, and volleys.
These immediate actions change the state of the game described by the current set; the player currently ahead; and
similar state variables which are part of the tennis rule book. Every action is performed to receive a future reward, such
as winning a point that leads to winning the game, set, or match. The agent is required to follow a policy, or a set of
criteria, rules, and strategies, to maximize the final score achieved at the end of the game. One important question to be
addressed is how agents can model the game when the agent’s actions change the state of the environment. At the

outset the initial inputs to the model are a state and the corresponding action that generates the maximum expected

Training Data

2

«— . ﬁl—»’

Successfull Model

Train The ML
Algorithm .

New Input
Data

\ 4
&
Model @ Predicition
Input Data
¥
i o]
o

ML Algorithm

Fig. 3. Schematic of model building using ML
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Fig. 4. Schematic process of reinforcement learning

reward [128]. Over multiple attempts, RL refines those reactions based on the response of the environment and the

rewards it receives.

2.2 Evolutionary Computation

EC approaches are inspired by the principles of natural evolution. An EC approach encodes a problem in terms of
individual(s) to be evolved with the aim of improving the quality of problem solutions. Genetic operators, including
crossover, mutation, and selection, are applied to produce new individuals. Based on a differential fitness survival
mechanism, only the best individuals remain as source of further variation. EC algorithms explore the search space
using an iterative heuristic procedure to obtain gradually better solutions [143]. Before we go into details, we need
to clarify one point: There are two types of these meta-heuristic algorithms: population-based and single solution-
based. The former approaches start an evolutionary process using a set of initial random (or otherwise created)
solutions. Examples include the Genetic Algorithm (GA) [63], Ant Colony Optimization (ACO) [119], and Particle
Swarm Optimization (PSO) [74]. These are the ones we are discussing here in more detail. Then there are single
solution-based approaches, called trajectory optimization, which start from one initial random individual. Tabu search
[51] is an example of a single solution-based algorithm, as is simulated annealing [79]. Fig. 5 shows a categorization of
the population-based approaches, divided into four categories: bio-inspired, physics-inspired, geography-inspired, and
cultural-inspired.

(1) Bio-inspired: This category includes swarm intelligence (SI)-based approaches and evolution-inspired algorithms,

which originate from the natural behavior of organisms. SI simulates how swarms (e.g., birds, fish, and insects) behave in

Evolutionary
Algorithms

Swarm
Intelligence

Geography-
inspired

Bio-inspired

Nature-
inspired

Physics-inspired

Cultural-inspired

Fig. 5. Taxonomy of nature-inspired algorithms, with evolutionary algorithms as one branch
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Fig. 6. A classification of evolutionary machine learning approaches

their group life in a colony. Swarm entities can collaboratively perform many complex tasks required for their survival.
Self-organization and decentralized control are two main features of swarm-based systems that lead to emergent behavior
due to the local interactions between swarm agents [138]. ACO and PSO are the two first mainstream algorithms of SI.
The origins of evolutionary algorithms lie in the Darwinian principles of natural evolution that cause living organisms
to become well-adapted to their environment. Self-organization and strong adaptability are the two main features of
these approaches. In these algorithms, entire populations can be replaced from one generation to the next by operators
like Selection, crossover and mutation. Genetic algorithms (GAs), evolution strategies (ES), evolutionary programming
(EP), and genetic programming (GP) are the four main kinds of evolution-inspired mechanisms.

(2) Physics-inspired: The origin of physics-inspired algorithms resides in physical/chemical rules. For instance,
the gravitational search algorithm is an algorithm of this category.

(3) Geography-inspired: These algorithms generate random solutions in the geographical search space; Tabu
search falls into this category.

(4) Cultural-inspired: These algorithms are inspired by human behavior seen during cultural interactions with
others. Observing natural and inherent behaviors of other people helps individuals to learn new knowledge and improve
their own behavior. The Memetic algorithm can be considered one of these approaches that imitates the mutation

process through a local heuristic.

3 EVOLUTIONARY MACHINE LEARNING

Evolutionary computation has a wide range of applications in ML. The most important research contributions of EC
across different ML areas are summarized in what follows. The three main aspects are: (i) how to formulate an ML
problem into an optimization problem in the form of individual representation, (ii) which search mechanism to use for
solving a specific ML problem, and (iii) how to compute the quality of solutions for generating a new generation. We
organize the EML works into nine sub-fields, focusing on specific ML tasks in which EC has made contributions. Fig. 6

gives a diagrammatic overview of the topics dealt with by the considerations presented in this section.

3.1 Evolutionary Feature Selection/Construction

Some datasets in real-life applications, such as gene selection, comprise thousands, if not tens or hundreds of thousands

of dimensions. This is a challenge not only for ML in general, but also for statistics and biology. This problem can be
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Fig. 7. General evolutionary feature selection process

handled by feature selection and feature construction methods that enhance the quality of the feature space. The former
choose only informative features from the original feature set, while the latter create new high-level features [172].
Feature construction can achieve better performance than feature selection if the original features are not informative
enough [183]. The application of EC methods in feature selection is known as wrapper approaches. A greedy search
strategy is implemented to find an appropriate set of features by utilizing ML as a fitness function [23]. Fig. 7 presents
the general framework of evolutionary feature selection.

Step 1 - Encoding: Binary encoding has been commonly used for the feature selection problem. Each solution is
a bit-string representation comprising N bits standing for the number of features in a dataset. "1" indicates that the
corresponding feature was selected, while "0" indicates that the corresponding feature was deselected. In contrast, most
GP work uses a representation in which features that are used appear (e.g., in a tree representation, as leaf nodes, in
a linear representation, as registers) and are subsequently considered the final feature set. GP is capable of handling
large-scale feature selection since the individual representation does not require information about the selection of
all features (e.g. their index). Additionally, there is no need in GP for predefined structures for solutions in order to
produce the optimum solution [160]. In ACO, the feature selection problem is represented by a graph in which each
feature is considered a node of the graphical model. A node is selected as one of the selected features if an ant visits

that node. Fig.8 shows an example of tree-based (Fig. 8a) and graph-based encodings (Fig. 8b).

{f1,2,63,£4,15}

(a) Tree-based feature selection of (b) Graph-based feature selection of f1, 2, f4, 5
f4, 15, f10, f12

Fig. 8. Examples of individual representations of feature selection/construction
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Step 2 - Initialization: Determination of a starting feature subset is important because initialization directly
influences the performance of a search strategy. Forward selection and backward selection are two typical initialization
strategies. The process of evolution starts with an empty set in the former; however, missing some of the features in a
large search space is the main drawback of forward selection. The latter strategy starts with a full set of features and
removes some iteratively. Lengthy computational time is the main disadvantage of backward selection [182]. A Bernoulli
process is another well-known technique for generating an initial population. This technique selects corresponding
features using a function that produces a random number from [0, D], where D is the size of individuals.

Step 3 - Search Strategy: The use of many heuristic approaches is not practical because of the large search spaces of
most of these problems. However, EC algorithms such as a GA, can be used to perform the search process via evolution
successive populations [58]. GP is considered a useful search mechanism in filter approaches, in which it is mainly
used as a search algorithm, and in wrapper approaches, in which it can be employed as both a search strategy and a
classification technique.

Step 4 - Subset Modeling: ML algorithms are employed to build a classification/prediction model using the subset
of features that were selected by the EC algorithm.

Step 5 — Model Evaluation: Evaluation methods for models are categorized into three groups: Wrapper, filter, and
embedded methods. Wrapper methods use the performance of the ML algorithm as its evaluation criterion, while filter
methods use the intrinsic characteristics of the data. Longer computation times result for wrapper methods, although
the target features usually perform better than features selected/constructed by filter methods. Embedded approaches
simultaneously select/construct features and learn a classifier. Only GP and learning classifier systems (LCSs) can

perform embedded feature selection/construction [183].

3.2 Evolutionary Resampling

A dataset is known as “imbalanced” or "skewed” if the number of the instances of a class is much higher compared
to that of another class. Skewed distributions influence the effectiveness of ML models, which are biased toward
majority classes. Resampling is the most common approach for balancing data distributions and is performed in the
preprocessing stage. There are two kinds of resampling methods: undersampling and oversampling. The former removes
instances belonging to the majority class, while the latter generates additional samples for the minority class. On the
one hand, undersampling may potentially remove useful information regarding the majority classes. On the other hand,
oversampling increases the size of the training set, which makes training more complex and burdensome. In addition,
random duplication of minority instances makes the oversampling strategy prone to overfitting [168]. Fig. 9 depicts the
evolutionary resampling process.

Traditional evolutionary resampling approaches [50] use a binary representation, in which a value of "1" indicates
that a record was selected and a value of "0" indicates the absence of an instance in the training set. However, these
methods perform poorly when faced with large datasets, because the length of individuals and the search space increase
proportionally with the size of the dataset [105]. Modern approaches, in contrast, attempt to circumvent large search
space by introducing sparse representations that only contain the indices of those majority class samples that were
selected [47]. Fig. 10 shows the difference between binary and sparse representations.

Regarding the fitness function, performance measures such as the accuracy rate are inappropriate for assessing the
quality of acquired models, since the performance of both classes is not equally weighted. The F1-score is more suitable
for a problem with class imbalance, because it takes into consideration both precision and recall, which generates a

single metric that can be used to gauge performance [17].
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Fig. 9. Evolutionary resampling process [49]

3.3 Evolutionary Classifiers

Data preprocessing methods such as data balancing, feature selection/construction, and data cleansing can provide
appropriate data as input to data classifiers. However, these methods are classifier-independent and have their own
challenges, such as overfitting and poor generalization caused by resampling methods [19]. Therefore, a modification of
classifiers by EC methods is considered next. This section discusses the application of EC algorithms in well-known

classifiers such as decision trees, the Support Vector Machine (SVM), and k-Nearest Neighbor (k-NN) algorithms.

3.3.1  Evolutionary Decision Trees. Decision trees (DTs) are one of the most widely used ML representations due to their
simple interpretation and their fast construction without the need for domain knowledge. Classic heuristic approaches
use a greedy method to select a node for subtree construction. Hence, these approaches apply a locally optimal "test
and fail" to converge to globally optimal solutions. EC approaches can be used in DT induction in two ways (Fig. 11):
Evolutionary induction of DTs and evolutionary design of DT components. Each individual is a DT in the former, while
individuals are components of DT classifiers in the latter.

The training data is split using either a single attribute per node or a (non-)linear combination of attributes in an
evolutionary classification tree. Single attribute-based DTs are more common compared to multi-attribute-based DTs,
due to their easy interpretation. However, multi-attribute-based DTs are more accurate and smaller, though they require
more computation time and loose comprehensibility. A regression tree can be considered a particular type of DT, in

which the target value at each leaf node of the tree is a continuous value as opposed to a discrete or nominal value [137].

Training set Binary Representation

MTolaToToTo 22 o]o] .. [o[o]o]

Sparse Representation

o] 2]6]7]

Fig. 10. Difference between a binary and a sparse representation for resampling methods [173]
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Fig. 11. Evolutionary decision tree types

With regard to problem encoding, tree-based encoding and linear individuals (i.e., fixed-length string representations)
are two common approaches used to code individuals in evolutionary DT induction. It is tricky to implement linear
individuals for non-binary DTs, so in most studies this type of DT is converted into a binary tree before applying EC
algorithms. DTs encoded as linear individuals are easier to handle than those encoded by a tree-encoding technique.
However, the need of fitness evaluation for constant mapping between genotype and phenotype and the difficulty
with handling non-binary DTs, and of defining a maximum number of bits are some drawbacks of fixed-length
string encoding. Some previous studies used dynamic-length string; this generated unnecessary complexity because
evolutionary operations, similar to crossover, may have to be modified. As for the fitness function, single-objective
optimization and multi-objective optimization are used to evaluate the quality of a DT. Classification accuracy is the
most common measure of a single-objective optimization. Some other criteria, such as accuracy, tree size, the number
of nodes, sensitivity, and specificity, can be formulated for a multi-objective fitness function.

Escaping from local optima and performing a robust global search are the main advantages of evolutionary DT
algorithms, which are able to better cope with attribute interactions compared to greedy DT methods. Another benefit of
evolutionary DTs is their ability to apply different measures in multi-objective optimization. However, the evolutionary
DTs introduce some negative features as well. For one, EC algorithms for DTs are computationally expensive for
large-scale data, because they generally evaluate all candidate solutions in a population for every generation [69].
Fortunately, EC approaches can be parallelized easily, and both the search mechanism and fitness evaluation can be

performed on different parallel and distributed platforms such as GPU, and MapReduce.

3.3.2 Evolutionary Support Vector Machine. The idea of support vector machines is based on an optimally separating
hyper-plane. The original pattern space in SVMs is first mapped into a high dimensional feature space by using nonlinear
functions; then, an optimally separating hyper-plane of the feature space is generated [65]. First, SVMs were successfully
applied to binary classification problems. For multi-class classification problems, the problem is divided into multiple
binary sub-problems through a decomposition approach. Each sub-problem is then solved by a SVM and the outputs of
all predictors are combined [108]. SVMs were subsequently used for regression prediction and time series forecasting.

Higher risk can be expected for a classifier with a smaller margin. Some slack variables are generated if the data
cannot be separated linearly. Therefore, a convex quadratic programming problem should be solved to construct a
maximal margin [14]. The input space in SVM is mapped into a high-dimensional dot product space when the problem
of obtaining an optimal separation plane is not solved in linear space. In this case, a kernel function (“kernel trick”)
is employed to find the hyper-plane in high-dimensional space without significantly increasing computational cost.
Radial Basis Functions (RBFs) (Eq. 1) are a commonly used kernel function technique in SVMs.
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The kernel parameter o influences the data mapping process and alters data distribution of the higher dimensional
feature space [65]. Overall, the high performance of SVMs stem from three factors, the choice of a kernel function, the
choice of kernel parameters, and parameter C. An optimization problem is formulated in a SVM to construct a maximal

margin classifier, as Eq. 2:

minimize %HWH2 +C Z{F:l & @
subjectto  y;j(wix;+b) > 1-§&;

C is a penalty parameter and imposes a trade-off between training error and generalization. The generalization
capability of SVMs may be reduced if the selected value of C is too large or too small. The choice of this parameter
becomes even more difficult if a decomposition approach is used in multi-class problems, because the number of
parameters increases with each binary classifier. The terms k, £, w, b are the number of data points, slack factor, a normal
vector, and a scalar quantity, respectively.

Several approaches can be used to adjust hyper-parameters: a grid-search algorithm, trial and error, cross-validation,
generalization error estimation and gradient descent, and evolutionary algorithms. Using a grid-search algorithm is
complex and time-consuming. Trial and error procedures are time-consuming and the results are also unreliable. The
cross-validation method requires long and complicated calculations [56]. The gradient descent algorithm in SVM is
sensitive to initial parameters. Parameter optimization using EC algorithms to address the aforementioned challenges
has received more attention [14].

The actual encoding representation is employed when encoding hyper-parameters in the SVM problem, which avoids
the postcrossover overload problem. In this case, an individual X is represented as X = {C, o}, where C and o denote
the aforementioned penalty and kernel function parameters. Fig. 12 shows an example of a chromosome representation
for a classification problem with three classes [108].

The SVM parameter selection task is often performed by retaining the best combination of parameters. Using an
exhaustive procedure to explore the parameter space may lead to good results, although this strategy should be avoided
for obvious practical reasons. Therefore, optimization techniques are good choices for preventing exhaustive or random
exploration of parameters because they explore the search space using good values for the selected objective function. A
drawback of these techniques is, however, that they have to start with random settings that are uniformly sampled from
the search space. This can make convergence slow, and the algorithm might get stuck in local minima. Meta-learning is a
useful strategy for addressing SVM parameter selection and considers this process a supervised learning task [52]. SVM
parameter values are recommended by this strategy according to parameter settings that were successfully determined
in previous, similar problems. Fig. 13 presents the general framework of evolutionary SVM based on meta-learning.

The SVM algorithm often generates many support vectors which increases the computational time for calculating
decision functions. Postpruning is a strategy that can be used to eliminate inappropriate support vectors generated by
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the standard algorithm. The length of each individual is equal to the number of support vectors in binary representation
(which is widely used). The i-th support vector is included in the decision function if a bit is equal to "1" and is excluded

if a bit is equal to "0".

3.3.3 Evolutionary k-nearest Neighbors. The nearest neighbor technique [33] and its derivatives are a subset of the
lazy learning methods. The k-NN algorithm is an extended version of the nearest neighbor algorithm [174]. The k-NN
algorithm is a non-parametric classifier, which means that it does not depend on any prior assumptions regarding the
data distribution. k-NN algorithms classify an object by a majority vote of its k neighbors, where k is a user-defined
parameter. The output classes are obtained through a voting metric that is applied to all distance vectors between the
test pattern and the training patterns. To define the number of neighbors, k, is challenging because a certain value of k
may result in good performance for one classification problem and fail for another, depending on the distribution of
classes in feature space. It has been shown that when k = 1 and the number of training samples n — oo, the probability
of inaccurate classification by k-NN can be at most twice the risk of the Bayes classifier [33]. However, this is not
applicable if the number of training instances available is finite.

In addition to k and the distance function, the importance of neighbor, class, and feature affect the performance
of the k-NN algorithm. Similar to neural networks and SVMs, a k-NN algorithm’s accuracy benefits from weight
optimization in the training phase. These weights can be assigned to neighbor, class, or feature and each type of weight
has a special impact on the performance of the algorithm. Class-specific weighting provides a k-NN algorithm with
additional knowledge regarding class properties; attribute-specific weighting can be used to remove the effect of noisy
and redundant features [22]. The aim of a weighting scheme is to use a good metric that will lead to high classification
accuracies with a given set of raw prototypes. An investigation of differential evolution in a weighting system in terms
of different aspects of data was previously published [10].

Two commonly used techniques to perform data reduction in neural networks are prototype selection and prototype
generation. Prototype selection selects a subset of instances from the original training set by removing redundant and
noisy examples [27]. Prototype generation methods are able not only to select data but also to generate and replace
original data with new artificial data [174]. Both prototype selection and prototype generation are combinatorial
optimization problems; therefore, EC approaches can be used to solve these types of problems and generate excellent
results. Prototype selection and prototype generation can be encoded as binary or as continuous space search problems,
respectively. EC techniques for prototype generation are based on the positioning adjustment of prototypes, which
optimizes the position of prototypes. A drawback of EC techniques, however, is that they are often dependent upon
an initial subset of the prototypes extracted from the training set. Also, scaling-up to large datasets is a challenge in

prototype selection, since it results in excessive storage requirements, higher time complexity, and lower generalization

Initial
candidates Evoluti .
. tionar, Best
Input problem ——»| Meta-learning vorutionary es
computation parameters
A
Evaluated
Parameters candidates

examples

Fig. 13. General framework of meta-learning for evolutionary SVM
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accuracy. A prototype-selection algorithm needs to search through all available instances to classify a new input vector

and is therefore slow during classification [27].

3.4 Evolutionary Neural Networks and Deep Learning

A standard neural network consists of many connected processors called neurons. Input neurons receive values from
the environment while other neurons receive activated values via weighted connections from previously active neurons.
The main focus of learning is to find an optimal or sufficiently close to optimal set of connection weights. The success
of neural networks largely depends on the architecture, the training algorithm, and the choice of features used in
training. Back-propagation learning requires tuning parameters such as learning rate, momentum, and a predetermined
structure. Due to its gradient nature, error back-propagation encounters challenges such as slow convergence speed
and getting trapped in local minima [70]. It has been proven that gradient descent with manually defined parameters
performs poorly in deeper networks, resulting in underfitting or overfitting of the training data [91]. As a result, it is
challenging to adjust the parameters and structure of a near-optimal neural network for applications [186].

Evolutionary computing can be applied to neural networks by learning their building blocks (e.g., activation functions),
hyper-parameters (e.g., learning rates), architectures (e.g., the number of layers and neurons in each layer), and even
the rules for learning. In the early 1980s researchers focused on evolving only the weights of the networks with
constrained architectures, including a fixed number of layers and neurons [155]. But in 1994, [54] developed an artificial
developmental system for the automatic generation of complex neural networks.

In evolutionary neural networks, the weight matrices are encoded as individuals and are optimized by means of
evolutionary operations, such as crossover and mutation. The error produced by a neural network is used as fitness
measure. Evolutionary neural networks have two encoding schemes: direct and indirect. The former expresses the
existing connections between nodes. This approach requires background knowledge to define a topology (e.g., the
number of layers and the number of hidden units). A number is assigned to each neuron and a binary 2D structure
N x Nis generated once the topology comprising the N nodes is set up. A value of "1" indicates that a connection
exists between two neurons. Feed-forward connections can be guaranteed by only enabling connections between units
in layer i and layer i + 1. The necessity of assumptions about the topology of the network is the main shortcoming
of a direct encoding schema, imposing O(N?) complexity [16]. Indirect encodings, on the other hand, only consider
certain important features of the neural network topology rather than the full connectivity pattern, leading to a more
compact encoding compared to the direct one. Indirect encodings can be categorized into three main approaches: (1)
connectivity parameters that specify the parameters and describe the topology and architecture of a neural network;
(2) developmental rules (e.g., recursive equations or production rules) that are used to build a topology; (3) fractal
representations of connectivity inspired by some of the processes of biological development [185]. NeuroEvolution of
Augmenting Topologies (NEAT) [157] is a well-known algorithm that uses a GA to evolve both structure and connection
parameters of a neural network. NEAT used direct encoding with two vectors, one for nodes and one for connections.
Each gene defines the connection weight between two nodes; as a result, NEAT is suitable only for small networks.
HyperNEAT [156] used an indirect encoding to optimize NEAT for more complex networks.

In deep learning, the use of evolutionary computing has a long history that started quickly after deep learning began
to receive significant attention. Cheung and Sable proposed an early approach to neuro-evolution for deep neural
networks in 2011 [32] in which EC was used to find optimal values of the architectural parameters of a Convolutional
Neural Network (CNN). CoDeepNEAT [127] is an enhancement of NEAT [157] for optimizing topology, components,

and hyper-parameters of Long-Short-Term Memory (LSTM). Significant progress in hardware has made the use of
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deeper architectures increasingly popular, leading to more complex neural networks models with many layers and
hyper-parameters.

Despite the successful application of evolutionary learning to address the automatic design of neural networks,
one of the major shortcomings of evolutionary neural networks is that they consume a huge amount of resources
during the optimization process. Often, thousands of different individuals are evolved, each of which representing a
complete training phase of a deep learning model with a complex architecture and evaluation. It was shown early on that
evolutionary training is usually computationally intensive and is slower than back-propagation [80]. These algorithms
were not practical until 2012 due to the lack of computational resources such as GPUs [53]. Manufacturing specific
chipsets and product lines for deep learning is a current technology trend used to address this challenge. Examples of
these types of technologies include Google Cloud Tensor Processing Units [41], Amazon EC2 P3 instances [11], and
large AI supercomputers such as NVIDIA’s DGX SATURNYV consisting of 125 servers with a total of 1000 powerful
GPUs optimized for deep learning [134].

Today, the field of Neural Architecture Search (NAS) is thriving, with an explosion of research in this area since about
2016 [43]. In NAS, very often hybrid methods are used, in which only architectural hyper-parameters are optimized
using evolution, while learning is left to gradient methods. Multi-objective evolutionary algorithms show substantial
success recently, as exemplified by [112]. In many of these applications, architectures with minimal complexity are
searched, that perform as accurate as possible. This allows more generalization performance with less computational

time for training. A further acceleration can be gained by using surrogate fitness functions [111].

3.5 Evolutionary Reinforcement Learning

The three approaches addressing reinforcement learning problems are value functions, policy search, and actor-critic. The
value function approach aims to estimate the expected value of being in each state. In contrast, policy search approaches
do not require a value estimation model but instead search directly for an optimal policy. The actor-critic approach
employs both of the aforementioned methods [12]. Despite the success of these approaches in RL, there are three main
problems: Temporal credit assignment with sparse rewards, a lack of effective exploration, and brittle convergence
properties, extremely sensitive to the choice of hyper-parameters. EC algorithms are well-suited to handle each of the
problems [75]. Consolidating returns across an entire episode using a fitness function makes EC algorithms invariant
to sparse rewards with long time horizons. A population-based approach can lead to diverse exploration. Finally, the
inherent redundancy of a population also strengthens resilience and sustainable convergence properties, especially
when combined with elitism [35].

In an evolutionary RL algorithm, the fitness value of an individual is the accumulated reward received after an
individual operates in its environment. Fig. 14 shows the actor-critic-based evolutionary RL approach in which the
reinforcement learner uses the data experiences that the population generates. The policy gradient method is often used
to maximize returns in the form of the minimum value of a loss function. This method uses the actor-critic architecture
to maintain a deterministic policy and an action-value function critic. In conventional RL, a single reward is achieved
once an action is performed by the individual; however, in evolutionary RL, a fitness value (return) is considered
for an individual at the end of the lifetime of a population solution or after a sequence of actions (an episode). This
characteristic of EC approaches enables them to be directly applicable to episodic RL tasks, such as game playing, where
EC algorithms search for optimal function values or optimal policies [126].

One of the major problems with RL is high-dimensional input spaces, such as visual input. This dimensionality

problem can be mitigated in two ways: (1) a preprocessor (compressor) can be applied to transform the high-dimensional
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Fig. 14. A schematic of evolutionary reinforcement learning that emphasizes the incorporation of EC population-based learning into
gradient-based optimization (inspired by [75])

input spaces into feature spaces with lower dimension, and (2) the representation of neural network controllers can
be compressed [82]. The main approach is indirect encoding for transforming small neural networks into networks
of arbitrary size through a complex mapping. Another alternative is the combination of action learning with an
unsupervised learning compressor to provide a lower-dimensional feature vector as the input of the agent [34]. The
combination of unsupervised learning and evolutionary RL was presented in [34, 82]. In contrast, it is not required to
perform a compressor phase when a compressed representation of neural network weights is used by evolutionary
approaches to train large networks. The use of this technique introduced the first deep neural networks to learn an RL
task, directly from the high-dimensional visual inputs [12].

A completely new method for applying EC methods to RL tasks, also introduced in 2017, is the Tangled Program
Graph (TPG) method [72], in which a set of linear genetic programs is used to work as a team for solving the RL
task. TPGs can work directly on the high-dimensional video input, and have been examined in a variety of game
environments. The efficiency gained over deep network reinforcement learning has been used to allow the method
approach multi-task learning [73]. Such et al. [158] investigated the performance of GA on deep reinforcement learning
for numerous Atari games that are difficult to solve by RL (e.g., Q-learning or policy gradients). The authors found that

the combination of DNNs with GA can address sparse reward functions and high-dimensional problem.

3.6 Evolutionary Clustering

Clustering is an unsupervised learning method that partitions unlabeled data objects into several groups according to
the similarities among them [64]. The main characteristic of clustering is that there is no prior knowledge required of
the data distribution [67]. Partitional clustering and hierarchical clustering are the two main categories of clustering
algorithms. Partitional clustering methods divide a dataset into certain groups based on fitness measures over a
predefined number of iterations [7, 133]. Simplicity and low computational cost are two main advantages of partitional
clustering algorithms, such as k-means [107]. However, there are two main problems with these algorithms. First, they
are very sensitive to the initialization and the probability of being trapped in local optima. Second, before running the
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clustering algorithm, the number of clusters must be determined. A small number of clusters can result in a loss of key
hidden information. In contrast, a large number of clusters can lead to a high homogeneity of clusters.

A tree topology is used to represent relationships among cluster sets in hierarchical cluster methods. Hierarchical
methods can cluster data using either a divisive approach or an agglomerative approach. The former method merges
smaller clusters into larger ones, while the latter method splits large clusters into smaller ones [7]. Hierarchical clustering
offers an advantage over partitional clustering in that the number of clusters does not need to be specified in advance.
However, the disadvantage of hierarchical clustering is that each element can be assigned to only one cluster [4] and
performance suffers if a separation of overlapping clusters is done.

Seen from a optimization perspective, clustering is a NP-hard problem. Evolutionary data clustering approaches
either use optimization techniques for data clustering or add an optimization technique to existing clustering algorithms.
EC approaches attempt to either minimize or maximize an objective function. In the clustering context, intra-cluster
distance should be minimized while inter-cluster distance should be maximized [4]. In clustering, EC algorithms have
two main goals: determining the number of clusters and specifying the cluster centers. There are two types of individual
representations in evolutionary clustering: prototype-based and point-based. The size of individuals is usually smaller
and less-redundant when applying prototype-based representations than when applying point-based representations.
However, prototype-based encoding tends to prefer round-shaped clusters, where each cluster is represented by a single
prototype. In contrast, point-based representations allow capturing clusters with an arbitrary shape.

EC can use many clustering validity measures as fitness function to evaluate individuals. Some studies focus on

minimizing the sum of distances between N objects in the dataset and the medoids encoded into the individuals (Eq. 3):

N
F= Z d(x; + m) ®3)
i=0

where m represents the closest medoid to object x;. This measure is suitable for medoid-based representations.
Minimizing the sum of squared Euclidean distances of the objects from their respective cluster means is another

measure of fitness that can be used, (Eq. 4):

k
F(Crn G = 30 D I 2P (4)

j=1xicj
where x; is an object in the dataset and z; is the mean vector of cluster C;. This criterion is appropriate for a centroid-

based encoding.

3.6.1 Fixed Clusters. Some evolutionary clustering algorithms work with a predefined number of clusters (k). This
technique can be appropriate especially for applications in which there is information about the number of clusters.
Evolutionary clustering algorithms focus on addressing the challenges associated with prototype-based clustering,
meaning that centroids, medoids, or other vectors that represent a cluster are optimized. Evolutionary algorithms
include operators that use probabilistic rules to explore the search space and select better fit partitions with higher
probabilities. The parallel nature of EC also allows a straightforward handling of multiple individuals with different
distance criteria and fitness functions.

There are three encoding schemes in evolutionary clustering: binary, integer, and real. In a binary encoding scheme,
each solution has a length equal to the number of instances in the dataset. Each bit corresponds to an instance, i.e., the
i-th bit represents the i-th instance. If the i-th bit is "1", then the i-th instance is a prototype. Fig. 15a shows an example

of a binary representation with four clusters (k) with objects 1, 5, 7, and 10 being cluster prototypes. These four objects
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Fig. 15. Different types of encoding in evolutionary clustering

are selected and the similarities of other objects to these instances are calculated. Matrix encoding is another type of
individual representation, in which the size of a matrix is k x N (Fig. 15b). This type of representation requires O(kN)
memory space against O(N) space for binary string encoding. However, the computational cost of calculating distance
similarity for the matrix encoding is lower than for the string encoding as only the selected objects are considered
when computing fitness value.

There are two types of integer encoding: The label-based representation (Fig. 15¢) and the medoid-based representation
(Fig. 15d). The former is a vector of N positions, where N is the number of objects. Each bit has a value between 1 and k.
The latter provides a medoid-based representation of the dataset using an array of k elements. The length of individuals
is equal to k and each element represents the index of an object between 1 and N. The complexity of label-based
representations is O(N) whereas it is O(k) for medoid-based representations. However, unlike medoid-based encoding,
a label-based representation does not require additional processing to recover clusters encoded in the individual.

In real encoding, the centroid of each feature of the partitions is represented in a centroid-based representation. This
encoding involves a vector with length nk, where n is the number of attributes and k the number of clusters. Fig. 15¢

shows an example of a real representation for a dataset with two variables and four clusters.

3.6.2 Variable Clusters. A major benefit of evolutionary clustering algorithms is that they can automatically pratition
the data without a prespecified number of clusters and cluster centers [89]. Automatic clustering is helpful, because
there is no need to have a priori information regarding the number of clusters. Evolutionary algorithms aim to optimize
the number of clusters (k). Certain encoding schemes, such as binary encoding (Fig. 15a and label-based encoding (Fig.
15¢) employed in fixed clustering algorithms can be used to encode the variable clustering problem. Also, a different
kind of encoding was proposed in which there is a set of axis-aligned hyper-rectangular rules (Fig. 16). Each rule
consists of n positions, where n is the number of attributes. The boundaries of the corresponding variables are encoded
in each position: [; and u; are the lower and upper bounds. Based on Fig. 16, a sample rule could read: if (1< A; < 6)

AND (2 < Ay < 5) THEN (instance belongs to Cluster 1).
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GA-based evolutionary clustering was proposed by Bezdek et al. [18] and is one of the earliest successful applications
of EC algorithms in clustering. Authors employed the exploratory and exploitative traits of a GA to discover the best
centroids. Sarkar and Yegnarayana [149] proposed a clustering algorithm that uses evolutionary programming to

determine the number of clusters and cluster centers. EC approaches for partitional clustering were reviewed in [133].

3.6.3 Evolutionary Fuzzy Clusters. Each data object in a fuzzy clustering approach belongs to more than one cluster
with a fuzzy membership grade. In order to convert fuzzy clustering into crisp clustering, this approach assigns each
data point to the cluster with the highest membership value [133]. Most of fuzzy clustering methods suffer from
several inherent drawbacks, such as (1) the user requires a prior knowledge to use a clustering method; (2) different
clustering solutions can be generated using random initial choices; and (3) a gradient method is used by an objective,
function-based algorithm to search the optimum which can lead to becoming trapped at a local minimum [42]. One

other application of EC approaches is to optimize the objective function of a fuzzy clustering algorithm.

3.7 Evolutionary Association Rule Mining

Association rule mining (ARM) aims at deriving the relationship between items in transaction data [1]. ARM has
been successfully applied in different domains, such as, e.g., market analysis, recommender systems, or medicine. For
example, the patterns extracted by ARM can provide insights into which items are frequently purchased together by
customers, which help retailers develop marketing strategies. Classical ARM methods can be divided into two main
categories: Level-wise and pattern-growth. Two examples of Level-wise algorithms that use Breadth-First Search (BFS)
and Depth-First Search (DFS) to calculate the support value of the item set are Eclat [187] and Apriori [2], respectively.
Apriori can generate association rules with high accuracy; however, it needs substantial computation time for large
datasets [9]. The FP-growth algorithm [57], a pattern-growth-based algorithm, uses a "divide and conquer" strategy to
extract association rules without the candidate generation step [170].

It has been proven that extracting frequent patterns from a transaction dataset is an NP-Hard problem. Traditional
ARM methods are dependent on the data preprocessing for discretization, either by means of a user or an automatic
process, before applying the algorithm. ARM may be a lossy information discovery process because of the sharp
boundary between intervals due to predefined parameters and partitions [123]. Fuzzy ARM deals with this problem
by using fuzzy sets to create a smooth transition between a member and a non-member of a set. However, finding a
set of suitable Membership Functions (MFs) in fuzzy ARM is one of the main challenges. Overall, the sharp boundary
between intervals in quantitative values and distinguishing membership degree for intervals in fuzzy sets are among
the main shortcomings of heuristic ARM algorithms.

Mining for frequent patterns with evolutionary means has been introduced to address the drawbacks of conventional
rule discovery methods. Rule mining is performed without discretizing continuous attributes so that intervals are
obtained in the evolutionary phase to mitigate the impact of the sharp boundary in evolutionary ARM [121]. One
application of EC approaches in ARM is rule optimization, in which EC is applied in the postprocessing phase of

a conventional ARM algorithm, so that meaningful rules can be extracted by an ARM algorithm such as Apriori.

Rule 1 (Cluster 1) Rule 2 (Cluster 2)
1 6|2 5(3 8|2 7
11 ul | 12 u2 |11 ul | 12 u2

Fig. 16. Rule-based encoding
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The representation of ARM depends on what type of ARM is performed, with Pittsburgh and Michigan approaches
commonly used to encode binary datasets [63]. The Pittsburgh approach encodes different patterns in an individual,
whereas the Michigan approach represents only one pattern within an individual. The Pittsburgh technique is more
useful for class ARM, where identifying a good set of patterns is the objective. The Michigan strategy, in contrast,
works well for mining a set of good patterns and is therefore better at finding high-quality predictions of frequent
patterns or rare events. Compared with the Pittsburgh approach, the Michigan technique is simple, straightforward, and
syntactically short due to the encoding of fixed-length association rules. Another type of encoding is the binary vector
representation, in which each bit represents the presence or absence of an attribute value. Although such a binary string
needs to be converted into “IF-Then” rules, it reduces processing speed [139]. This type of encoding is suitable for MFs
representation. Each solution encodes the center and the span of a membership function based on the range of an item.

Items and their values correspond to functions of judgment nodes when applying genetic network programming for
ARM. The connections of judgment nodes represent the association rules. If a judgment node is satisfied, an attribute is
moved to it; otherwise, the attribute is moved to another processing node. Grammar-Guided Genetic Programming
(G3P) is an improvement over genetic network programming in which a grammar is used to apply constraints on GP
trees [6]. In the case of G3P-based ARM, grammar constraints are created by applying a set of productions rules.

The performance measures for evaluating individuals in evolutionary ARM may conflict with each other and no
single individual simultaneously optimizes all functions. But the quality of the solutions can be estimated by both their
support and their confidence while they are conflicting. A set of non-dominated solutions is used to provide a trade-off
between conflicting objectives [130]. Unlike classification and clustering tasks, in which a single individual is selected
from a set depending on user priorities, all non-dominated solutions are considered in a multi-objective ARM as the

final set.

3.8 Evolutionary Ensemble Learning

Ensemble learning methods are powerful techniques that generate a final prediction by combining the outputs of
multiple models [146]. Ensemble learning has been used successfully to address imbalanced datasets in many different
applications. Resampling ensemble techniques are widely employed in such cases. Ensemble performance can be
improved when applying a set of accurate and diverse ensemble members [55].

An ensemble methodology comprises several classification tasks; each one is composed of a dataset, an inducer,
and a classifier [145]. Three steps are required to construct the ensembles of predictive models: member generation,
member selection, and member combination. The first aims to build diverse base models. The second, member selection,
is an optional step that uses a heuristic method to prune the pool of models. The third step, member combination, is
responsible for generating an ensemble’s final output by combining its predictions. These three steps can be formulated
as an optimization problem and solved by EC mechanisms. Evolutionary member generation aims to form an ensemble
by creating a pool of candidate models. The prediction scores and the complexity values of cadnidates are considered
the most important criteria. In evolutionary member selection, candidate models are pruned by EC to build the best
possible models for an ensemble. Optimal weights of each candidate model for a weighted average ensemble can be
obtained through evolutionary member combination.

Evolutionary ensemble member generation has been used for time series forecasting [25], imbalanced data classifica-
tion, image classification [5], and fault diagnosis [115]. Because EC algorithms use a population of individuals, they
are a natural choice for building potential individual models into an ensemble model. An ensemble learning strategy

should then always provide a trade-off between accurate and diverse models, which is summarized by error-ambiguity
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decomposition. This implies that the generalization error of an ensemble is generated by a weighted average of all
individual errors and ambiguities. One can then attempt to reduce the overall generalization error by decreasing the
generalization error and increasing the ambiguity of each individual which increases an individual’s prediction error
[151]. Methods for creating diverse ensembles in the member generation step can be categorized into three groups:
using different training data, using different learning algorithms, and using different weights or parameters for learning
models. Bagging [24] and boosting [125] are two techniques used to prepare different training sets; the former uses
random sampling while the latter manipulates the probability of selecting training data from the original training set.
An EC method can employ a binary representation to select a subset of the training data in both techniques. Fig. 17
shows the process of evolutionary ensemble member generation in which the performance of the predictive model
generated by the training dataset is evaluated on a validation dataset. The predictive model is then optimized by an EC
algorithm with regard to the hyper-parameters of the learning algorithm. Alternatively it selects features and instances
from the original dataset.

When encoding ensemble member selection, the decision variable is often a binary vector in which each bit represents
the selection or not of a base model. This technique has been appplied in sentiment analysis [136] and in the prediction
of power transformers’ dissolved gas contents [140]. Fig. 18 shows a general view of the process of evolutionary
ensemble member selection. A pool of base learners predicts the outputs from a validation dataset, and pruning of the
pool optimizes the prediction score generated by the EC algorithm. This is followed by another step that prioritizes the
selection to choose the preferable set of models.

A weighted majority voting scheme is performed using an EC algorithm to weight the base models in the process of
evolutionary ensemble member combination. This approach improves the predictive performance of the entire ensemble
by adjusting the weights of the base models. Fig. 19 presents a general overview of evolutionary ensemble member
combination. EC algorithms are used to prioritize and select a preferable set of models built on the validation dataset.

Using the combination of ensemble techniques and resampling approaches (e.g., undersampling and oversampling) to
address the class imbalance problem has been shown to enhance correct classification of the minority class. Ensembles
based on random sampling would not perform adequately. In fact, potentially useful samples of the majority class can
be denied, which may be important for the learning process. This is more evident when the imbalance ratio increases.

Evolutionary sampling is a strategy in which the diversity between classifiers that favor the most diverse individuals

Manuscript submitted to ACM Computing Surveys



1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091

1092

Evolutionary Machine Learning: A Survey 21

4 N\ N N

Determine
preferences

> Ranking

solutions

Initialization

Evaluation

Aggregation

Fig. 18. Evolutionary ensemble member selection

is emphasized [46]. Evolutionary sampling and ensemble methods allow the fitness function to promote diversity of
oversampled or undersampled datasets, which leads to more accurate results when dealing with highly imbalanced

datasets.

3.9 Evolutionary Model Optimization

EC mechanisms can be used in the post-processing phase of ML when models built by the traditional ML algorithms are
optimized. In DT classification, EC algorithms can be recruited as an evolutionary component for pruning the resulting
trees to remove all parts potentially affected by noisy or imprecise data, which will prevent both over-fitting by the DT
model and reduce the complexity of the final DT. However, it is not easy to find the right trade-off between pruning
level and prediction accuracy. Over-pruning can significantly distort the DT, so that only a small portion of training data
is represented. In contrast, under-pruning might cause the DT to over-fit the training data. The two major strategies for
tree optimization are pre-pruning and post-pruning. Implementing a threshold for each sample is a common solution
in the pre-pruning strategy that restricts each expansion if model performance is below a predetermined threshold.
Unlike pre-pruning, post-pruning needs to grow a full tree. A full DT is first built by overfitting the training set. The
tree is then pruned to both improve its performance and to minimize its size. In practice, post-pruning performs better
than pre-pruning [117]. Again, binary encoding is a well-known technique for representation: The length of a solution
is equal to the number of branch nodes in the DT. A value of "1" indicates that the branch node was selected for the

resulting tree; otherwise, it will not be selected.
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Fig. 19. Evolutionary ensemble member combination
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Table 1. A summary of evolutionary machine learning in real-world applications

Category Applications

Computer networks Network security [40, 106, 110, 116, 150, 179], Email spam detection [153],
Wireless sensor networks[142], Web mining [59], Phishing detection [167]

Business Marketing [44], Market basket analysis [62], Recommendation systems [190],
E-commerce [20], Workflow analysis [104], Collaborative filtering [176]

Robotics Autonomous vehicle navigation [154], Robotics [192]

Medicine Disease diagnose [37], Medicine [90, 171], Cancer classification [29],
Gene expression data analysis [114], Cardiovascular disease detection [181], Healthcare [88],
Thoracic surgery [118], Gastrointestinal infection prediction [152]

Computer vision Face recognition [178], Handwriting recognition [135], Speaker recognition [188],
Personnel identification [30], Character recognition [60],
Pedestrian detection [159], Handwritten digit classification [76], Image segmentation [184],
Image clustering [39], Document clustering [87]

Industry Finance [86, 132], Software engineering [78], Construction industry [31],
Garment industry [92], Product design [45, 66], Product service system [191]

Environment Analyzing ozone content [121], Traffic congestion prediction [180],
Road traffic prediction [101], Atmospheric pollution [122], Forecasting ozone [120]

Others Astronomy [28], Education system [113, 147], Car park occupancy prediction [26],
Energy price [141], Energy consumption prediction [8], Smart cities [85]

4 APPLICATIONS OF EVOLUTIONARY ML

Al and ML have the potential to usher in another “industrial revolution” able to build intelligent systems automatically.
This will not only support many industrial and professional processes but also has the potential to improve everyday
living. Different circumstances reduce ML performance of traditional ML in real-life applications. The lack of expert
knowledge for running traditional ML effectively is a major challenge for industry and businesses because the quality of
ML results critically depends on expert experience to determine hyper-parameters and other adjustments regarding the
model design. An EML approach can be a useful substitution if domain knowledge is not readily available. For example,
two main problems in traditional neural networks are the definition of the network topology and the adjustment of
hyper-parameters; these both require substantial background knowledge of the use case. For instance, high accuracy
is necessary for patient diagnoses when applying neural networks to areas such as cancer detection. Inappropriate
choices will affect the performance detection system and potentially imperil patient outcomes.

In practice, optimization is critical for minimizing or maximizing objectives due to limitations of resources, like time
or budgets, which is relevant in all industries and other business activities. Almost all ML problems can be cast as explicit
optimization problems. Training ML models with evolutionary optimization approaches should improve objectives
associated with an application. Evolutionary algorithms can update the parameters of ML models in cooperation with a
loss function. Table 1 shows some of the applications of EML to solve different real-world problems. These applications

cover different fields, such as computer networks, business, computer vision, and robotics.
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Computer Networks: EML can be used in computer networks to improve the performance of ML models in different
areas, such as network security, sensor networks, or web mining. According to the literature, securing the networks is
the primary focus of applying EML approaches to computer networks due to malicious activities that could threaten
privacy, integrity, and network resource availability. Evolutionary approaches aim at improving the performance of
ML algorithms, such as ARM, clustering and classification (e.g., deep learning classifiers), mainly to secure computer
networks against attacks such as intrusion, email spam, and phishing.

Business: Business was the initial target of EML methods such as ARM and prediction. Market basket analysis
finds relationships between purchased items that support decision making about store layouts and marketing policy.
E-commerce websites (e.g., Amazon and eBay) analyze customer activity to extract personalized preferences and
interests as well as to recognize user trends. Recommender systems in businesses, which can be constructed based on
knowledge generated by EML techniques use information discovery techniques to offer items to potential customers.
The evolutionary ARM is one of the techniques used in collaborative filtering in which user preferences for items of
interest are expressed as ratings.

Computer vision: Computer vision is one of the most challenging applications of ML techniques. A large search
space in multimedia tasks makes traditional ML methods difficult (such as getting stuck in local optima and/or high
computational costs), so evolutionary feature selection/construction/extraction approaches have been a mainstay in
this area. Evolutionary applications in deep learning have been successfully employed in computer vision and speech
recognition. The application of EML to computer vision can be grouped into two classes: application domain, such as
medical or robotics, and target task, such as face recognition or image segmentation. For instance, the definition and
measurement of threshold values are two challenging tasks in image segmentation that can be addressed by evolutionary
algorithms.

Robotics: RL for robotics can help to autonomously discover optimal behavior through trial-and-error interactions
with the environment. When applying RL for robotics in environments with very high dimensions and sparse reward,
however, traditional RL techniques cannot improve behavioral learning. The application of evolutionary RL in robotics
allows autonomous robots (e.g., vehicles or production lines) to learn behavioral skills with minimum human interaction.
Indeed, the integration of ML and evolutionary optimization dramatically increases the decision-making quality and
learning ability of decision systems. The full potential of evolutionary optimization has not been reached in Robotics yet,
as traditional ML approaches have shown the ability to compete provided that reliable dataset is available. But complex
environments and inefficient heuristic optimization functions provide an opening for EML techniques in Robotics.

Recent progress in hardware, such as cloud computing and GPU devices, have allowed previously impossible EML
tasks to become addressable. Large corporations such as Google, Microsoft, Uber, or IBM have invested in EML methods

and actively pursue solutions for real-life situations.

5 DISCUSSION AND CHALLENGES
5.1 Discussion

EC algorithms have been applied to ML techniques to mitigate problems associated with conventional and heuristic ML
techniques. Fig. 20 shows a classification of EML tasks and the challenges associated with the task that EC approaches try
to address. The tasks associated with feature selection/construction and resampling methods are the main contributions

of EC algorithms to the preprocessing phase. The former contribution is focused on generating a new feature space,
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either by selecting a subset feature or by constructing a new set of features from the original features. The latter
contribution is achieved by evolutionary undersampling and oversampling techniques.

But the main focus of EC algorithms is to enhance the performance of the learning algorithms. EML algorithms
can be categorized into three main classes: supervised evolutionary learning, unsupervised evolutionary learning, and
reinforcement evolutionary learning. Evolutionary classification/prediction and evolutionary ensembles are the main
contributions of supervised learning. In the realm of unsupervised learning, EC can be used to do feature selection,
clustering, dimensionality reduction, anomaly detection among other tasks. Different challenges of RL, such as a long
time horizons, the sparse reward, the need for complementary correction mechanisms, and high dimensional action and
state spaces can be addressed by integrating EC approaches into reinforcement learning. In particular, EC techniques
are often employed as policy search mechanism in RL.

Weighting in ML is a common technique used to emphasize certain characteristics of the data that improves the
resulting models. A weighting system can be used, for example, to outline the importance of certain particular instances
or features or to rank a set of techniques in the context of ensembles [124]. Neural networks, SVM, and k-NN are the
most common techniques that benefit from weights. The main goal of a weighting system is to optimize a set of the
model weights in the training phase. Weighting can also be applied to the voting system of the k-NN and EC approaches
can be utilized as a weight optimizer in ML.
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Overfitting cannot be neglected in classifiers in which the performance of a model on a training dataset is high but
is low on unseen data, which results in poor generalization. The large complexity resulting from high depth of deep
learning models with their network topology and neural architecture, and from imbalanced or high-dimensional datasets
are some of the reasons behind the overfitting issue. While evolutionary algorithms can contribute to addressing each
of these factors, their two main contributions are to provide appropriately balanced and feature-reduced input sets
for classifiers. Also, learning mechanisms of neural networks often converge to local minima since the loss functions
are almost always non-convex [38]. Evolutionarily coded cost-sensitivity is a strategy that improves loss functions to
add robustness to classifiers against imbalanced datasets. The use of multi-objective approaches in the optimization
of neural networks and deep learning can further balance accuracy with generalization. The penalty parameter C in
an SVM provides a trade-off between the generalization and training error [108]. One of the main objectives of the
evolutionary approaches in SVM is to optimize parameter C to improve generalization. The optimization and pruning
techniques used in decision trees and SVM models lead to be more generalized models [117].

In fuzzy ML, membership functions are used to transform numeric values into linguistic terms. The choice of
membership function affects the discovery of patterns in fuzzy ML; thus, learning or tuning membership functions is
beneficial. In the traditional fuzzy ML, it was assumed that membership functions were known in advance. However,
having prior information of the most effective fuzzy sets covering all domains of numerical variables is not possible.
Extracting membership functions using an EC algorithms is a main trend in EML, as regards evolutionary ARM tasks.

Pruning strategies for model optimization have been successfully applied to DT, SVM, and ARM. Here, a model
is built using a traditional ML algorithm and EC is then used for model optimization. Most of the traditional ARM
algorithms can extract an overwhelming number of rules that often contain redundant and irrelevant information. For
example, tree pruning is an ML technique that is used to minimize a DT’s size to reduce the complexity of the classifier
and improves its predictive accuracy. Some of the DT’s subtrees are replaced with leaves in the tree pruning process.
SVM algorithms often generate enormous support vectors, which cause a reduction in the speed of decision function
convergence. Besides, due to the overfitting effect, the resulting SVM model may adapt itself to noise in the training set
rather than to the true underlying data distribution, failing to correctly classify unseen examples. Pruning support
vectors in trained SVMs can obtain faster and more accurate SVMs. EC algorithms are the most important techniques
for pruning models and patterns extracted by ML algorithms.

EC approaches enable us to develop ARM algorithms for the extraction of association rules without the frequent
item-set mining step, which leads to a reduction in computational complexity. However, the main focus of evolutionary
ARM algorithms is to deal with quantitative data, in which either discretization of values into appropriate intervals or
derivation of membership functions by EC approaches for fuzzifying the quantitative transactions are considered.

The combination of the EC approaches with the hierarchical clustering algorithms still remains untouched in the
literature. This is probably due to the fact that defining a fitness function that is capable of guiding evolution is not
straightforward. Only a few studies have addressed this topic to the best of our knowledge [68, 109].

5.2 Challenges and Future Insights

Over the past several decades, a variety of EC algorithms have been applied to ML tasks, yet some serious issues remain
still insufficiently researched. Some of these major research gaps are described next.

Lack of experimental results: Various surveys have attempted to provide a classification of papers, which published
on EML methods, using a research methodology. Since the mathematical analysis of run-time, convergence guarantee,

and parameter configurations are an essential need, it makes the selection of a proper EML algorithm for real-world
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applications a challenging undertaking by organizations and practitioners. EC algorithms can be successfully used
for parameter tuning of neural networks and SVM; however, for a novice user, it is difficult to judge which algorithm
to use for a particular task. Most proposals have focused on comparing an EML algorithm with non-evolutionary
or traditional techniques. However, none of these studies systematically compared the performance of different EC
algorithms in multiple ML tasks. We were unable to find a comparative study that identifies which EC technique achieves
better performance in terms of parameter settings, structure design, computational complexity, and other aspects. The
unavailability of such surveys may be due to a variety of reasons, including the lack of publicly available source code for
evolutionary ML approaches, variation of encoding techniques, different objective functions and evolutionary operators.
But presenting such a systematic comparison should help new ML users to select a suitable method for a particular
application.

Lack of surveys on evolutionary machine learning: A variety of survey papers have been published on different
aspects of evolutionary ML, such as clustering, DTs, neural networks, and deep learning. However, there is a lack of
comprehensive studies regarding the application of EC algorithms in other fields such as RL, resampling, classification,
SVM, and ensembles. For example, different review papers on RL have been published focusing on different aspects,
such as RL in robotics [81], deep RL [13], and safe RL [48]. However, evolutionary RL has not been reviewed to date.
This area of research should be considered and further studied.

Modular EML: Most EML models are especially developed to address particular problems and cannot be applied to
different domains. Modular learning is a possibility for applying ML models to different problems, in which various
versatile models are built and learning can be carried out by small autonomous modules. Each independently-trained
model would aim at solving a particular subtask that is common among a large number of ML problems. A large problem
can be addressed when there is a cooperation between different models. Training models autonomously means that
they can be reused in other fields. Different issues should be taken into account in modular learning, such as identifying
subtasks and defining their specific modules, determining candidates from a set of previously learned modules, and
creating a coherent and effective model by connecting the modules. Multi-task learning is one way to approach this
problem [71].

Transfer learning: The main idea of transfer learning is to reuse previously learned models for a new problem. This
is a relatively new research area in ML community. The idea has recently become more important with the continuous
growth of problems. For example, handwritten character recognition models can be used to recognize characters from
digitized books. In summary, different ML problems have certain common aspects that require the ability to transform
some of the expertise obtained for one problem to others.

Evolutionary CNNs: CNNs contribute to large applications and have been successfully used in numerous fields.
However, evolutionary CNNs have remained an unexplored field, which only recently has received attention. This is a
promising research line that provides various opportunities for researchers. The automatic evolutionary design of a
CNN topology is a very promising area in need of further study.

Multi/many-objective EML: Standard EML algorithms typically optimize only one objective in the model develop-
ment process, while most of ML problems have different objectives to be optimized. For instance, an ARM problem has
objectives such as support, confidence, and comprehensibility that all must be optimized simultaneously. The choice
of an objective functions is an important issue in multi-objective EML. Most algorithms optimize two objectives, and
only few algorithms can optimize more than three objective functions simultaneously. Multi-objective algorithms such
as NSGA-II, PESA-II, and SPEA2 face difficulties when solving problems with more than four objectives. Currently,

the use of such approaches in ML has attracted little attention in the literature. Further, evolutionary algorithms use
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operators such as selection, crossover, and mutation. The selection operator is mainly influenced by the multi-objective
evolutionary algorithm that is used as an optimizer for ML. Crossover and mutation operators, in contrast, are often
determined by the encoding strategy. The method of selecting a final solution is one of the most important tasks in
multi-objective ML. Multi-objective evolutionary algorithms provide a set of non-dominated solutions in the final
generation, and it is important to select one solution from this set. Objective-based, knee-based, and ensemble-based
methods are three primary selection techniques. Pareto dominance is used to find the relationship and compare so-
lutions in multi-objective problems [162-164]. However, as the number of objectives increases beyond three, Pareto
dominance alone is no longer satisfactory [93]. Such problems that necessitate increased algorithmic complexity are
called “many-objective optimization problems” [36]. They appear in different real-world areas such as air traffic control
or nurse rostering. Integrating multi/many-objective evolutionary approaches into ML models can solve a diverse set of
application problems.

EML on big data: Big data offers new opportunities for ML, but it also brings challenges such as computational
costs, huge high-dimensional sample sizes, storage impasse, and error extent [161]. Most studies of evolutionary ML
have only focused on the quality of ML models, whereas computational efficiency, a critical issue in seriously large-scale
ML problems, has attracted less attention. The costs of searching mechanisms and fitness value computations are
major challenges in large-scale EML processes because a population of individuals is evaluated in each generation in
EML approaches. An EML algorithm should show good scalability when a dataset increases in size. These types of
datasets require large memory and long computation times. The scalability issue may limit the applicability of EML
algorithms on large-scale problems. Parallel/distributed evolutionary ML using big data processing technologies, such
as master/slave, MapReduce, and CPU/GPU architectures, are one of the major solutions to deal with large-scale EML
[165].

Evolutionary cost-sensitive learning: The cost difference between mis-classification errors can be quite high
in some classification problems. For instance, in a cancer diagnostic system in which each class represents whether
a person has cancer or not, wrongly classifying a patient as healthy will result in a much greater cost compared to
classifying a healthy person as a patient. Therefore, a wrong diagnosis may cause a treatment delay or the patient’s
death [166]. Cost-sensitive learning is a strategy for minimizing the overall cost of learning that creates learning
models in such a way that the training process is more sensitive to the classes with higher costs. In addition to the
mis-classification cost, test cost is another important type of cost in real-world applications, including money, time,
or other resources. Some methods have been recently proposed in the cost-sensitive learning field that attempt to
integrate class-specific costs into ML algorithms such as deep learning [49, 77] and DTs [83, 102]. However, to date the
integration of tEC algorithms and cost-sensitive learning in ML classifiers has received little attention. Due to lack of
prior knowledge, misclassification costs are usually unknown and hard to choose in practice. Recently, an evolutionary
cost-sensitive DBN has been developed in which an adaptive DE is employed to optimize the mis-classification costs

used in the cost function [189].

6 CONCLUSIONS

Evolutionary computation algorithms have focused on addressing particular challenges of traditional ML tasks. In this
paper, we surveyed the importance of EC algorithms in ML tasks regarding with respect to various key aspects of their
design, such as problem encoding, search mechanism, fitness function, and the different challenges that EC algorithms
have tried to address. We studied nine different tasks in which EC algorithms made significant contributions. An ML

problem in EML can be formulated in terms of three major representations: graph (which are suitable for ACO), tree
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(which are suitable for canonical genetic programming), and vector (which are used by most EC algorithms such as
GA, PSO, and ABC). Search mechanisms can be used to find optimal solutions, either based on single solutions or on
populations of solutions. Each task has specific evaluation measures that are formulated in the form of a fitness function.
For example, accuracy, recall, sensitivity, specificity, and precision are main objectives in classification applications.
Evaluation measures can be considered single-objective or multi-objective.

We described various fields in which existing evolutionary ML algorithms have been applied, including medicine
(thoracic surgery and disease diagnosis), computer networks (intrusion detection, traffic classification, and email spam
detection), image and video processing (face recognition and handwritten recognition), and the environment (e.g.,
atmospheric pollution, analyzing ozone content, and forecasting ozone). It appears that EML techniques can play a
significant role in AT and ML in the future and are expected to broaden their application reach further.

EML still suffers from some problems that have not yet been addressed. It appears that major research efforts are
necessary for evolutionary cost-sensitive ML, modular EML, transfer learning, EML on big data, and multi-objective
EML. It is expected that, in the next few years, the integration of EC algorithms with deep learning will speed up
training processes while balancing accuracy.

Also still lacking are comparative studies that would be helpful for assessing the effectiveness of EC approaches in
different applications and ML tasks. There are often concerns about the utility of a specific EC algorithm for solving a
wide variety of ML problems. Different statistical tests should be conducted. Additionally, some surveys would appear to
be useful in the EML field, such as evolutionary RL, evolutionary resampling, evolutionary classification, evolutionary
SVM, and evolutionary ensembles.

Given the wide applicability of ML algorithms in real-life applications, the challenges of traditional ML must be
consistently and aggressively addressed by the academic research community, industry, and manufacturers. Until
now, the optimization of ML using evolutionary algorithms has mostly been investigated in academic publications.
In the future, EML will likely be present across many industries in a number of software packages and will further
be integrated into our daily lives. The importance of ML in various applications is constantly growing; thus, we are
likely to see cutting-edge cloud-based technologies such as Machine Learning-as-a-Service (MLaaS) where evolutionary

optimization can also play a significant role.
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