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Abstract

In this paper, we highlight the use of synthetic data sets
to analyze learners behavior under bounded complexity. We
propose a method to generate synthetic data sets with a spe-
cific complexity, based on the length of the class boundary.
We design a genetic algorithm as a search technique and
find it useful to obtain class labels according to the desired
complexity. The results show the suitability of the genetic
algorithm as a framework to provide artificial benchmark
problems that can be further enriched with the use of multi-
objective and niching strategies.

1. Introduction

Usually, learner performance is evaluated in terms of ac-
curacy, interpretability, and efficiency among others. The
first one of these measures is the most significant to deter-
mine the learner quality and is usually estimated by test-
ing the learners over different data sets. In the last few
years, the UCI Repository [2], which offers a large set of
real-world problems, has become the most used. Neverthe-
less, previous studies have shown that classifier accuracy
depends both on the constraints of the method and the in-
trinsic complexities of the data [3]. Thus, the estimation of
the algorithm accuracy is obviously biased by the complex-
ity of the data set itself. The limitation of this approach is
that we never know whether the maximum achievable ac-
curacy rate is reached or there is still place for performance
improvements. The comparison of algorithm performance
is also misled if the practitioner does not know the charac-
teristics of the problem under study. Trying to identify these
characteristics is not trivial, since there are many difficulties
mixed up in real-world problems, such as inconsistency, un-
certainty, missing values, and sampling sparsity.

One accurate approach to study classifier behavior and
extract meaningful insights is to use artificial data sets, care-
fully designed to test the algorithm under known scenarios.

With the use of artificial data sets, we can define problems
with different levels of complexity including individual or
compound difficulties and find types of problems that fall
in the domain of competence of a particular learner as well
as identify adversarial problems to which the learner perfor-
mance can still be improved. This can provide a framework
for new-generation benchmark problems to test the different
algorithms performance.

The distribution of classes on the feature space has been
identified as one of the critical dimensions of data complex-
ity [4]. Previous studies have defined a set of measures that
try to quantify such class geometry complexities [11]. In
particular, the length of class boundary measured over the
data set has been shown very correlated with some classi-
fiers error [5]. For this reason, we believe that the genera-
tion of data sets using this complexity indicator can provide
us with useful benchmark problems. In a preliminary study
[13], we presented a method for the generation of synthetic
data sets based on this measure. The method consisted in
labeling the instances of the data set according to the spec-
ified complexity. However, since many possible labelings
were available for a given data set, an exhaustive search
was not considered. Instead, we used an heuristic search
that could guarantee that neither the demanded complexity
was achieved nor a collection of diverse solutions was ob-
tained. In order to overcome the identified problems, in this
paper we propose the use of genetic algorithms (GAs) [12]
to guide the search and generate synthetic data sets based on
the boundary length. This technique gives much enhanced
flexibility to search in the space of possible solutions. Al-
though this paper is restricted to the design of a simple GA,
the results hold promise for enhancing the framework in-
cluding niching algorithms and multi-objective strategies to
obtain diverse solutions with several mixed complexities.

The remainder of the paper is organized as follows. Sec-
tion 2 briefly reviews the analysis of data complexity and
focuses on one of complexity measures that estimates the
data class separability. Then, we introduce how to generate
synthetic data sets using this complexity measure. Section



3 describes in detail the design of the GA and its implemen-
tation. In section 4, we test the suitability of this approach
to obtain artificial data sets and we analyze to what extent
these data sets are useful to study the learners performance.
Section 5 discusses the limitations of this work and suggests
some future research lines. And finally, Section 6 presents
the conclusions.

2. Data Complexity

Since some authors observed that the learners perfor-
mance is strongly data dependent, the analysis of data com-
plexity has taken more relevance to understand this rela-
tionship, know how to overcome this dependence, and im-
prove the learner accuracy. Recently, several authors have
proposed different measures to characterize the difficulty
of problems. We highlight the work of Ho and Basu [11]
in which they gathered and proposed a set of descriptors
that characterized different aspects of complexity: (i) the
discriminative power of attributes, (ii) the separability of
classes, (iii) the geometry of manifolds expanded by each
of the classes, and (iv) the sparsity. Measures of separabil-
ity of classes were the most significant ones to characterize
learners performance [5] and seemed helpful for classifier
selection. In particular, the length of the class boundary
achieved high correlations with several algorithms perfor-
mance.

The length of the class boundary is a measure of class
separability that indicates the density of points located near
to the class boundary. To compute its value for a given data
set, a minimum spanning tree (MST) is built with all the
points contained in the data set where the distance of the
edges corresponds to the Euclidean distance between the
connected points. Then, the number of edges that join pairs
of points belonging to opposite classes is counted. This
value is divided by the total number of connections, and
the resulting ratio is considered as an estimate of boundary
length. Highly interleaved or randomly labeled data usu-
ally provide large boundary lengths. In contrast, in data
sets where classes are well separated, the length of the class
boundary tends to be small.

As we mentioned previously, we hypothesize that com-
plexity measures can also be useful to create data sets with
known properties. Based on this hypothesis, we present
a technique to generate synthetic data sets with specific
complexities. Firstly, we have to determine the following
parameters: the number of features m, the number of in-
stances 7, and the desired complexity b, which corresponds
to the length of class boundary. After setting these param-
eters, we generate n points with the values of the attributes
distributed uniformly in the m-dimensional space. Then,
we construct the MST and label the class of each point to
achieve the specified boundary b. If we assume two-class

problems, we observe that, for a given MST and a bound-
ary b, there are 2((7,,7_11)1_,,) different labelings, where p is
the number of edges that connect points of different classes,
ie,p=">b-(n—1)and b € [0,1]. By varying the values
of m, n, and b, we can build a collection of data sets with
different levels of difficulty with respect to the class sepa-
rability. However, as the number of instances increases, the
number of possible labelings grows exponentially, and there
are more intermediate complexity levels. For instance, for a
data set with 5 instances, there are 32 labelings and 4 com-
plexity levels {0,1/4,2/4,3/4,1},1.e. n — 1. In contrast,
a data set composed of 1001 instances has 2!%°! labelings
scattered in 1000 different complexity levels. For this rea-
son, we propose the use of a GA that searches for the class
labeling according to the desired complexity. The next sec-
tion provides the details.

3. Generating Boundedly-Difficult Data Sets
with Genetic Algorithms

In the previous section, we highlighted the importance of
generating boundedly-difficult problems to test the behav-
ior of learning techniques and compare their performance
with the one presented by other learning systems. This led
to the definition of an optimization problem in which data
sets with a specific boundary complexity are searched in
the problem—i.e., data set—space. The size of the solu-
tion space of this optimization problem increases exponen-
tially with the number of input instances, making traditional
exhaustive search mechanisms not suitable for generating
medium- or large-size data sets with a given boundary com-
plexity [13]. Here, we design a generational GA [8] with
a fixed-size population to tackle the problem of generating
data sets with a boundary complexity b,y; defined by the
user.

The GA already departs from a set of n instances, where
each instance is defined by m continuous attributes. These
m attributes are randomly initialized with a value ranging
in the interval [0,1]. Note that the instances are not labeled.
The goal of the GA is to label these instances according to
the desired complexity bop;. Therefore, the search space
consists of all the possible combinations of classes; that is,
new instances are not generated during the learning process
of the GA.

As follows, we explain the knowledge representation
used to codify the data set solutions and the design of the
different genetic operators.

3.1. Knowledge Representation
The GA evolves a population of N individuals, in which

each individual is a candidate solution to the optimization
problem. An individual is represented with a k-ary string



of length n, in which the bit ¢ stores the class of the ith
instance of the data set (k is a configuration parameter that
indicates the maximum number of classes in the generated
data sets). Therefore, the individual gives a label to each
one of the examples in the data set, and the GA searches for
the best combination of labels that yields a given complex-
ity. Then, the phenotype of a genotypical representation is
obtained by labeling each instance of the training data set.

3.2. Design of the Genetic Operators

In our implementation, we used a generational GA with
a population of fixed size IV that works as follows. At the
beginning, the population is randomly initialized and the
resulting individuals are evaluated. Then, the GA bases the
search on the interaction of three primary genetic operators
that are iteratively applied: selection, crossover, and muta-
tion. Simply stated, selection chooses K parents, allocating
more offspring to better individuals. Then, pairs of these
parents are selected without replacement, and they undergo
crossover and mutation with probabilities y and p respec-
tively. If neither operator is applied, the offsprings are an
exact copy of the parents. This results in another population
of candidate solutions. Then, these solutions are evaluated
and the whole new population replaces the older one.

More specifically, we used the following genetic opera-
tors: (i) s-wise tournament selection, were tournaments of
s randomly chosen parents are held, and the best parent is
selected for reproduction; (ii) two-point crossover, which,
provided two parents, randomly generates two cut points
and uses them to shuffle the information of both parents;
and (iii) bit-wise mutation, which flips the value of the bit
selected for mutation, i.e., when generating multi-class data
sets, bit-wise mutation randomly generates one of the possi-
ble classes and assigns the new value to the mutated bit. To
evaluate each new individual, we used the MST generated
with the meta-level information. The process to obtain the
fitness of the individual is as follows. We label the instances
of the data set according to the information of the given in-
dividual and count the ratio of the number of edges of the
MST that connect instances of different classes to the total
number of edges. This results in the boundary complexity b;
of the candidate solution ¢. Then, the fitness of this individ-
ual is computed as fitness; = |bop; — b;|, where by, is the
user-defined boundary complexity. Notice that this strategy
prevents the system from having to build a MST for each
rule evaluation, which would be too much time-consuming,
specially when optimizing large data sets.

4. Experiments and Results

The experiments are divided into two parts. Firstly, we
generated synthetic data sets using the GA to optimize the

length of the class boundary and analyzed the suitability of
the GA for this application. Secondly, we tested different
classifier systems on our synthetic test bed to analyze their
performance with respect to this complexity measure.

With regard to the synthetic data sets generation, a dif-
ficulty found is how to adjust the GA’s parameters such
as population size, maximum number of generations, and
crossover and mutation rates. We performed several runs
of the GA with different population sizes to identify which
configurations converged to a solution. Taking into account
these previous adjustments, we scaled the population size
according to the number of instances of the data set, and the
number of generations according to the complexity level. In
the test application, we determined a crossover rate of 0.8
and the mutation rate was defined as 1/n where n is the in-
dividual size. We decided to analyze binary class discrimi-
nant problems whose instances are described by continuous
values because the length of the class boundary was ini-
tially designed for this type of attributes. Nonetheless, our
approach is valid for any type of attributes as it suffices to
adapt the distance function of MST’s algorithm to be able to
manage categorical attributes. On the other hand, although
we focused the study on binary class problems, the k — ary
representation of the GA allows us to easily extend the study
to multiple classes. Yet, it is still an open issue to determine
whether the analysis of data should be performed directly
over multiple classes or on the contrary over two classes by
transforming data sets that do not meet this property. More-
over, although class distribution affects classifier accuracy,
it is not introduced as a restriction in the generation. Any-
way, a posteriori analysis shows that 91% of data sets have
a class balance of 40-60%.

For each complexity level from 0.2 to 0.8, we generated
data sets composed of 101 and 501 instances both with 2
attributes, and we ran these experiments 50 and 10 times
respectively. We evolved populations of 500 and 1000 in-
dividuals during 1000 generations. Table 1 shows some
statistics that describe the obtained populations. We rep-
resent the generation in which the GA reaches the first solu-
tion, the number of solutions contained in the population
after iterating the predefined number of generations, and
the real number of solutions with a different structure. Sur-
prisingly, data sets with intermediate complexity are found
in the early generations or generation 0 (see for example,
boundary lengths of 0.4 and 0.6 with 101 instances). This is
due to the random initialization of individuals, which tends
to provide medium complexity around 0.4 and 0.6. Al-
though the GA could be stopped in the early generations,
we preferred to continue evolving the population with the
aim of enlarging the set with structurally different solutions.

Besides, Table 1 shows that the number of different so-
lutions is smaller than the number of solutions. This is
due to two possible reasons. The first one is that the fi-



Table 1. Statistics of the populations obtained by the genetic algorithm.

# Instances Population size Runs

0.2 04 0.6 0.8

First solution in generation 22.82 0 0 2224
101 500 50  Solutions (%) 1043 18.73 18.89 10.67
Different solutions (%) 9.04 1693 17.29 9.26
First solution in generation ~ 85.5 7.7 82 854
501 1000 10 Solutions (%) 941 15.05 14.24 10.82
Different solutions (%) 846 1390 13.06 9.73

nal population of the GA contained several individuals rep-
resenting the same solution. This is usual in GAs; even
though there is a diverse set of solutions equivalently good,
the bias of the selection mechanisms leads one of the so-
lutions to take over part of the population. If all solutions
are to be obtained, then explicit niching algorithms should
be included. The second reason of having fewer different
solutions than individuals is that different individual codifi-
cations can represent the same solution. That is, there are
two possible codifications per solution. For example, indi-
viduals {0010, 1101} are equivalent.

Another property of this optimization problem is that it
is a combinatorial problem with a symmetry centered in the
medium complexity. It means that the opposite extremes
of boundary levels have the same number of different la-
belings. For this reason, we observe that the percentage
of solutions between the complexities 0.2 and 0.8, and be-
tween 0.4 and 0.6 are very similar. Furthermore, as we
move away from the medium complexity, there are less la-
belings in each degree of complexity. Hence, the percentage
of achieved solutions for complexities 0.2 and 0.8 is lower
than for complexities 0.4 and 0.6.

In the second part of the experimentation, we ran three
classifier systems over a large test bed. To avoid correla-
tions due to similarities between the learning process of the
classifier and the complexity measure, we selected learners
from different paradigms such as the C4.5 induction tree
[15], the Naive Bayes probabilistic classifier [7], and the
SMO support vector machine [14]. We estimated the ac-
curacy of classifiers using a 10-fold cross-validation proce-
dure [6]. The algorithms were run with the software Weka
[18] with their default configuration.

We synthetically generated a collection composed of
more than 15000 data sets. However, this amount is not
distributed evenly among the different complexity levels.
So, in order to obtain comparable results, we must perform
the analysis on the same number of data sets, which is re-
stricted to the complexity level that gets the minimum num-
ber of data sets. In the case of 101 instances, this value
was 9.044%, so we randomly selected 8% of the data sets
for each complexity level, which corresponded to 2000 data
sets. We proceeded in this way for 501 instances, where the

lower threshold was 8%, resulting in 800 data sets. Figure
1 depicts the classification accuracy obtained by the classi-
fiers. The x-axis represents the length of the class boundary
and the y-axis represents the accuracy rate. The three up-
per plots refer to data sets containing 101 instances and the
lower ones to data sets containing 501 instances. For each
complexity level b, a box plot shows the range of values of
the accuracy rate obtained by the classifier.

Note that although the three classifiers belong to differ-
ent learning schemes, they tend to behave similarly. The
higher the complexity level, the lower the accuracy rate.
This indicates that the length of the class boundary is a di-
mension of complexity that negatively influences the clas-
sifier performance. This metric is a significant estimate to
predict the classifier accuracy. Nevertheless, we appreci-
ate a considerable variability in the obtained accuracy rate.
Therefore, we should consider that the length of the class
boundary, even though it is able to explain significantly the
classifier error, is not enough to characterize the difficulty
of the problem. As a further work, we should combine this
metric with other meaningful dimensions of complexity to
see whether the classifier behavior can be better explained.
Since this measure provides an estimation of the class sepa-
rability, it would be interesting to use measures that evaluate
other aspects such as the discriminative power of features
or the geometry of manifolds. Also, it would be useful to
identify the minimum set of independent measures that are
able to describe the whole complexity space of real-world
problems.

5. Discussion

The experimental results presented in the previous sec-
tion showed that the designed approach holds promise, be-
ing able to generate data sets with different complexities
which could not be obtained with other search mechanisms
[13]. Along with the many strengths of the method, we also
want to draw some observations that will guide our future
work. These observations are mainly related to: (i) the ef-
ficiency and the scalability of our proposal; (ii) the capac-
ity of our approach to generate data sets that satisfy multi-
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Figure 1. Accuracy of classifiers with respect to genetic-based artificial data sets with increasing
levels of boundary length. Plots (a), (b), and (c) correspond to data sets with 101 instances and plots
(d), (e), and (f) belong to data sets with 501 instances.

ple criteria; and (iii) the structure of the resulting data sets
and similarity of this structure with real-world classification
problems.

The first important aspect worth mentioning is how our
approach scales as the size of the data sets increases. The
method proposed in this paper relies on a simple GA, using
an elemental implementation that does not expressly opti-
mize the cost of the algorithm. The main purpose of the
paper was to define an accurate knowledge representation
that enabled the creation of simple, accurate genetic opera-
tors, and show that this simple GA was able to generate data
sets with a given boundary difficulty. Having empirically
demonstrated the performance of the algorithm in this re-
spect, we now can move our implementation to a more effi-
cient set of GA implementations, which are usually referred
to as competent GAs [9]. Moreover, efficiency enhancement
techniques [17] and evaluation relaxation algorithms [16]
could be used to speed-up our proposal. Considering all

these approaches, competent GAs have been shown to be
able to solve huge optimization problems that contain up to
a billion variables [10], which promotes their application to
generate large data sets.

A second important aspect relates to the variability that
has been observed in the accuracy of the learners for dif-
ferent data sets with the same boundary complexity. As al-
ready announced in [11, 5], this indicates that the descrip-
tive power of the boundary complexity may not be enough
to describe the complexity of a classification problem. In
[11], the authors proposed to define a minimum set of mea-
sures that permitted to define the global complexity of a
method. Herein, we could easily move our problem to a
multi-objective optimization problem, since GA, differently
from many other optimization techniques, is a natural sup-
port for solving optimization problems with several objec-
tives [1].

Finally, the third aspect is associated with the structure



of the resulting solutions and its similarity with real-world
classification problems. Ideally, we would expect to run a
single iteration of a GA and obtain a set of different so-
lutions that have the boundary complexity specified by the
user; moreover, the structure of these solutions would re-
semble the structure of real-world classification problems.
Evolving a population with diverse structural solutions can
be easily achieved by informing the crossover and the muta-
tion operators—or even creating new operators—to prevent
the system from generating similar solutions. We pursue
to analyze the relationship between synthetic data sets and
real-world problems to know whether these two types of
problems are comparable through the length of boundary.
If this is indeed so, and the classifier behavior is similar in
both synthetic data sets and real-world problems with the
same boundary complexity, we will be capable of evaluat-
ing the quality of the learners with synthetic data sets and
providing a set of benchmark problems. Forcing the solu-
tions to resemble real-world problems is a complex task,
since it involves defining the typical problem structures of
real-world problems. Nonetheless, this objective could be
partially achieved by generating the initial data set accord-
ing to fixed distributions, and fixing the class of some of the
instances. As further work, we will take this approach to
generate data sets with a partially defined structure and that
have a certain value for one or several complexity metrics.

6. Conclusions

Synthetic data sets are needed to provide a controlled
scenario where we study learners behavior on problems
with certain complexities. Guiding the generation of data
using complexity measures is a way to obtain problems with
particular properties to evaluate the learners’ limitations. In
this work, we proposed the generation of synthetic data sets
based on data complexity. Principally, we focused on the
length of the class boundary and found that it is a dominant
factor to assess the complexity of the data set. The GA al-
lowed us to deal with a preliminary approach and to achieve
data sets with any demanded boundary length. However,
future work pretends to benefit from the GA’s ability as a
multi-objective technique and points out the generation of
synthetic data set using different complexity descriptors at
the same time.
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