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Multi-objective optimization problems are often subject to the presence of objectives that
require expensive resampling for their computation. This is the case of many robustness
metrics, frequently used as an additional objective, that accounts for the reliability of specific
sections of the solution space. Typical robustness measurements use resampling, but the
number of samples that constitute a precise dispersion measure has a potentially large impact
on the computational cost of an algorithm. This paper proposes the integration of dominance
based statistical testing methods as part of the selection mechanism of MOEAs with the aim
of reducing the amount of fitness evaluations. The performance of the approach is tested on
five classical benchmark functions integrating it into two well-known algorithms NSGA-IT
and SPEA2. The experimental results show a significant reduction in the number of fitness
evaluations while, at the same time, maintaining the quality of the solutions.
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1. Introduction

A substantial portion of real-world optimization problems is multi-objective. That is,
they require the simultaneous optimization of a number of objectives that are often in
conflict. Therefore, it is no surprise that there is great interest in the development of
algorithms that can deal with this feature. In the past decade and a half, there has
been a growing interest on a family of algorithms called Evolutionary Multi-Objective
Optimization Algorithms (MOOAs) (Coello 2000). Among them, there is an especially
large subset of approaches that fall under the category of Evolutionary Multi-Objective
Genetic Algorithms (MOEAs) (Coello Coello 2006). These have been successfully used to
solve problems on a wide range of domains such as data mining, aerospace engineering or
finance, to mention a few (Mukhopadhyay et al. 2014b,a; Arias-Montano, Coello Coello,
and Mezura Montes 2012; Ponsich, Jaimes, and Coello 2013).

The difficulty in solving the above mentioned problem is sometimes increased by the
presence of uncertainty. Uncertainties can affect different aspects of the problem such
as the decision variables or the objective functions. Following the first efforts by Branke
(1998) and his team, the challenge of adapting MOEASs to handle uncertain environments
has recently grabbed the attention of researchers (Deb and Gupta 2006). Though there
are some other potential strategies to deal with this problem (i.e. surrogate models)
resampling seems to have gained the researchers attention. The basic idea behind re-
sampling is that the analysis of the dispersion pattern on the objective space, originated
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as a consequence of gathering a pseudo-random set of samples within a neighborhood
region (on the variable space) surrounding a given solution, or a component of the fitness
function, will be a good indicator of its robustness. The sensitivity of the solution to the
presence of perturbation can subsequently be used by the evolution process to drive the
population towards stable or robust regions of the solution space.

Robustness is often considered through the evolution process as a decision component
that favours solutions that are less sensitive to perturbations (Hassan and Clack 2008;
Garcia et al. 2012). Alternatively, it may be taken into account as an additional objective
function, extending the problem with a new objective (Chicano et al. 2012). The former
approach would be transparent to the decision maker, whereas the second, would allow
the decision maker to evaluate the sensitivity of the solutions to perturbation of deci-
sion variables. Under this framework, the less sensitive ones would be considered better
solutions. Even though the above approaches offer good results, they are computation-
ally inefficient. The evaluation of objective functions is often expensive and considering
robustness, as described above, is likely to result in more fitness computations than
necessary.

This paper is aimed at introducing a way to reduce the number of evalua-
tions needed in those circumstances, i.e. obtaining robust solutions. Many popu-
lar Multi-Objective Evolutionary Algorithms, such as NSGA-II (Deb et al. 2002),
MOPSO (Moore and Chapman 1999), PAES (Knowles and Corne 1999) or SPEA2 (Zit-
zler, Laumanns, and Thiele 2001) evaluate candidate solutions in terms of dominance.
Meaning that, whenever two solutions are compared, the exact value of each objective
function is not as relevant as which solution, if any, dominates over the other. When
considering robustness, the above dominance relation involves averaging the fitness of a
fixed number of neighboring solutions. This work proposes the use of significance statis-
tical tests to establish the above mentioned dominance relation using fewer evaluations
of neighboring solutions. This approach is conceptually related to algorithms like RACE
and BRACE (Moore and Lee 1994), Rational Allocation of Trials (Teller and Andre
1997) and some others in the context of dynamic resampling (Syberfeldt et al. 2010) or
model selection (Giacobini, Tomassini, and Vanneschi 2002).

The rest of the paper is organized as follows. Section 2 provides the fundamental back-
ground on robust optimization. The optimization problem under uncertainty is charac-
terized here and some general efforts to overcome the presence of noise in the decision
variables are described. Then, a method to do efficient sampling is introduced in section
3. The proposed method will be tested on several well-known benchmark functions in
section 4. Finally, section 5 deals with the summary, conclusions and future work.

2. Robust solutions in Multi-objective Problems

In many real world optimization problems multiple and often conflicting objectives are
found. Thus, it is normal to look at them as a multi-objective optimization problem. A
general multi-objective problem consists of finding a vector of decision variables which
satisfies a set of constraints and optimizes a vector function whose elements represent the
objective functions. These objective functions are in general in conflict with each other,
therefore the solution to be found should give the values of all the objective functions
acceptable to the designer (Osyczka 1984).
The vector function to be optimized can be defined as

F(@) = [f1(2), fo(®), ., fr(@)]" (1)

where T = [21, 22, ..., 1,]7 is the vector of decision variables which optimizes the above
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Figure 1. Example of an optimization problem with two objective functions. The Pareto front is depicted with a
bold line at the inferior boundary of the feasible region.

function and satisfies the m inequality constraints
9:() >0 1=1,2,...m (2)

Thus, the general multiobjective problem could be described as finding, among all pos-
sible solutions that satisfy the above inequality, the particular set z7, 3, ..., ) which
yields the optimum values of all the objective functions.

Therefore the optimizing process of multiobjective problems does not involve finding
a single minima but a set of solutions that satisfies above formulation. Using equations
(1) and (2), a point * € F is said to be Pareto optimal if for every & € F either,

(fi(z) = fi(z7)) for all ielT 3)

while there is at least one 7 € I such that

fi(z) > fi(z") (4)

Above concept of Pareto optimum was formulated by Vilfredo Pareto in the XIX
century (Pareto 1896), and constitutes by itself the origin of research in multiobjective
optimization. Bearing on mind this concept, Pareto optimum does not mean a single
solution, but rather a set of solutions called non-dominated solutions. The minima in
this sense, are going to be in the boundary of the design region forming the Pareto front.
Figure 1 represents the solution space for an optimization problem with two objectives,
the Pareto front is depicted as a bold line. In general, it is not easy to find an analytical
expression of the line or surface that contains these points, and the normal procedure
is to compute the points F* and their corresponding f(F*) (Coello 1998). Typically,
within the Pareto front a knee point is always a preferred trade-off solution (Deb and
Gupta 2010).

The fact that evolutionary algorithms deal simultaneously with a set of possible solu-
tions makes them particularly appropriate to solve multiobjective optimization problems.
This allows finding an entire set of Pareto optimal solutions in a single run of the al-
gorithm, instead of having to perform a series of separate runs as in the case of the
traditional mathematical programming techniques. Also mutiobjective optimization of-
fers a unique way of analyzing the solutions to a problem. Since all solutions are optima,
it is possible to analyze the trade off information of sacrificing one objective towards a
gain in another. This allows getting information regarding the cost of a transition from
one optimum non dominated solution to another. In addition to all of above, Deb (1999)
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summarized the main disadvantages of classical optimization methods when solving mul-
tiobjective problems as:

(1) An algorithm has to be applied many times to find multiple Pareto-optimal solutions.

(2) Most algorithms demand some knowledge about the problem being solved.

(3) The spread of Pareto-optimal solutions depends on efficiency of the single objective
optimizer.

(4) In problems involving uncertainties or stochasticities, classical methods are not reli-
able.

(5) Since classical single-objective optimizers are not efficient in handling discrete search
space problems (Deb 1995; Deb and Goyal 1998), they will neither be efficient for
multi-criterion optimization problems having discrete search space.

Concluding with the statement that all the above difficulties can be handled by using
an evolutionary search algorithm. Additional information on evolutionary multiobjective
algorithms can be found in Veldhuizen and Lamont (1998), Tamaki, Kita, and Kobayashi
(1996), and Fonseca and Fleming (1995).

Additionally, many real world optimization problems are subject to uncertainties and
noise. In practice, a solution cannot be physically implemented to the desired accuracy
and the physical implementation of the solution may be somewhat different from the
theoretical global optimal solution. If a global solution is quite sensitive to variable
perturbation (or noise) in its vicinity, the implemented solution may result in a different
set of objective values from those of the theoretical optimal solution.

In general, for real world problems there are four categories of uncertainties (Jin and
Branke 2005): those where the fitness evaluation is subject to noise; changes that take
place after the optimal solution has been determined which affect the design variables
are considered as the second source of uncertainties (a solution should still work satis-
factorily when the design variables change slightly); the use of models instead of precise
data and the existence of measurement errors in the calculation of the system output
leads to uncertainties in the objective function values; and finally, the fourth category
of uncertainties is related to time-varying fitness functions (the fitness function is deter-
ministic at any point in time, but is dependent on time). Even though the basic idea
behind the approach discussed in this paper could be applicable in more scenarios, we
will only consider uncertainties originated by variations in the variable space.

For this reason, emphasis must be made in finding robust solutions which are less
sensitive to perturbations in their neighborhoods. If a robustness measure is taken on
the solution, the general problem could be modelled as a multiobjective optimization
problem which includes robustness as another objective function which has the desired
effect over non dominated solutions. It may happen that a non dominated solution in the
Pareto front is dominated by another solution in the robust Pareto front. In this case such
solution is not of much interest anymore and it is possibly replaced by a non dominated
solution. Figure 2 illustrates the above situation, there is a considerable chance that
either B or C or both get dominated in the robust pareto front, whereas solution A is
obviously more robust than the rest.

Further description of robust optimization methods can be found in Beyer and Sendhoff
(2007), Marijt (2009) and Talbi (2009). In Deb and Gupta (2006) the authors propose
two main methods to achieve robustness in the solutions. The first method replaces the
objective function with a mean effective function. Whereas the second method calculates
a normalised difference between the objective function value f and the perturbed function
value fP. In this paper a variation of the second method which includes confidence based
dynamic resampling is proposed.

The procedure of computing the robustness value for a single sample solution by forcing
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Figure 2. Robust Pareto front formation and corresponding change in the Pareto dominance. Solution A is far
more robust as the effect of variations in the variable space is smaller when observed in the objective space.

a variation in the variable space is as follows. First a set of instances is generated around
the original instance solution within the variable space (left hand side plot in Figure 2).
For each instance of the generated cloud set, all the objective function values must be
computed, this in turn generates a cloud set within the objective space (right hand side
plot in Figure 2). The larger the generated cloud set the larger the computational require-
ment. Thus, including the computation of robustness into any multiobjective algorithm
can be computationally very costly

Kruisselbrink, Emmerich, and Béck (2010) suggest that this computational cost can
be substantially reduced and introduce ABRSS, an scheme that enforces locally well-
spread distributions of archive points. Saha, Ray, and Smith (2011) suggest controlling
the number of solutions whose robustness is assessed, and they present IDEAR. This
algorithm limits the size the growth of the archive; focuses the evaluation on relatively
healthy individuals; and only evaluates fully the variations on solutions that are under-
represented in the archive. Another potential way to overcome this problem consists on
applying dynamic resampling and will be described in the next section.

The advantages of using this approach, that adapts the number of samples around
each individual to the circumstances, have been previously discussed by Pietro, While,
and Barone (2004), where the authors discuss two dynamic strategies to reduce noise.
Siegmund, Ng, and Deb (2013) elaborate on the matter and present the main approaches
together with the most important contributions in the area. This work was extended in
Siegmund, Ng, and Deb (2015), where the authors suggest combining multiple resampling
strategies to come up with systems that base the sampling allocation on multiple factors.

As is was mentioned in the introduction, this work is also related to a resampling
strategy introduced by Syberfeldt et al. (2010) for MOPSA-ES. These authors rely on
the same statistical test to drive the selection of the number of samples. However, the
choices made to implement the concept result in differences like the number of robust-
ness objectives handled; the easiness to adapt the concept to different MOOAs or their
suitability with large populations, among others.

Further discussion on the dynamic resampling technique used through this paper can
be found in the following section.
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3. Efficient Resampling using Statistical Tests

The objective of this paper consists in introducing an efficient way to manage
perturbation-based indicators in dominance-based multi-objective algorithms. As it was
mentioned in the precedent section, these indicators are mostly used to model robustness.
They can be either used to bias the behavior of the genetic algorithm, or to extend the
original formulation adding additional objectives. The approach presented in this paper
falls in the latter category.

The strategy of extending the model with a new objective comes at the price of requir-
ing larger populations, which then results in higher computational costs. However, it has
also the advantage of offering the decision maker valuable information on the reliability
of the partial solutions that define the Pareto front.

Whenever two individuals of the population, &1 and @9, need to be compared in terms
of the dispersion-based objective during the optimization process, a neighborhood is
defined for each of them. This area will be bounded to a parameter, p, whose value is
fixed and common to every solution. Then, the objective can be computed perturbing
the solutions n times within the described limits.

In practice, the performance of the algorithm is often highly dependent on the num-
ber of samples, n. The more samples are used in this process, the better the accuracy
of the dispersion estimate and, therefore, the more reliable are the comparisons based
on it. However, the accuracy resulting from large samples comes at the price of larger
computational cost due to the fact that every additional sample requires a new fitness
evaluation. Therefore, there is a rational effort for trying to balance these two and limit
as much as possible the number of evaluations, especially in those domains where fitness
evaluations are very expensive. The strategy presented in this paper attempts to reduce
the amount of sampling required for each candidate solution, keeping the fixed parameter
n as an upper bound limit.

Given that in dominance-based algorithms, only the relative value of the objective is
required during the optimization process, it is very likely that a fraction of the allowed
samples might be enough to tell whether one individual dominates the other in terms of
the dispersion objective. For this reason, we suggest the process that follows.

Initially, only two samples per individual are taken into account for the calculations,
meaning that the initial dispersion is based on just two nearby samples and computed
as the average distance from f(x) to f(«}), being the subscript 7 the sample number.
These estimates are then compared to identify which of the solutions is more robust.

Due to the stochastic nature of the sampling mechanism, the statistical significance
of the average observed differences should be confirmed. There are different alternatives
suitable to test whether average dispersion difference for samples related to each solution
is statistically significant or not. Among them, the Welch test (Welch, B. L. 1947) is one
of the most widely used. This test is an extension of Student’s t-test of equal averages
that does not require the samples involved to have the same variance. Formally, the test
is based on the statistic.

. s (5)

where X1, s? and n represent the observed means, variances and sizes of the samples
considered.

For testing purposes, the distribution of the defined statistic is approximated by Stu-
dent’s t distribution with df degrees of freedom.
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As it was mentioned, the test is very similar to Student’s t-test but, apart from the
differences in the computation of the degrees of freedom, it does not use a pooled variance.

If the null hypothesis of equal mean distance is rejected, we will admit that one indi-
vidual dominates the other in terms of the dispersion objective used to model robustness
(not necessarily as a solution, as the rest of the objectives should also be considered).
Otherwise, more evidence is required.

In this case, another sample will be added to the robustness estimate of the solution
with fewer samples (the choice will be at random when both estimates are worked out
using the same number of samples), and the difference will be tested once more. The
process of adding samples and testing for equal robustness will then be repeated until
either the test rejects the hypothesis or the number of samples used to compute the
estimates reaches the upper limit n. In the latter case, dominance is assigned by direct
comparison of the robustness values.

Even though the number of evaluations potentially saved by the strategy depends on
the structure of the fitness landscape, the upper bound in the worst-case scenario would
require the same number of samples used by the standard static resampling method.

The choice of Welch test has a drawback that has not yet been mentioned, namely,
a normality assumption that will not always hold. Under some circumstances, such as
sufficient large samples or a directional use (as it is the case of the implementation
in this work), results can reasonably cope with violations (Sawilowsky and Blair 1992)
but, in general, the null hypothesis of equal means would be less likely to be rejected.
In practice, this means that, under non-normality, more samples would be required to
conclude that the robustness of a solution is significantly larger than that of another. This
fact could reasonably be expected to limit the benefits of this approach. Non-parametric
tests, such as the Wilcoxon Rank Sum test (Mann, H. B. and Whitney, D. R. 1947),
are not constrained by this particular problem and, therefore, might seem to be better
alternatives. However, the approach undertaken in this work is justified on grounds of
scalability.

The idea of carrying over information related to the neighborhood of individuals has
the potential to reduce the number of fitness evaluations. This is due to the fact that
future comparisons involving these elements would not require a complete resampling, as
the process could resume adding new evidence to the information already accumulated.
However, it also brings up a decision problem: the nature and amount of data to be kept.

The extreme solution of saving all the fitness computations from the samples used to
calculate the robustness indicator offers, on the one hand, the advantage of its flexibility,
a major benefit of this would be the potential use of non-parametric tests. On the other
hand, the amount or resources required for large population sizes combined with heavy
sampling could end up being limiting both in memory and computational terms.

The alternative chosen for this approach is keeping only the aggregate information that
is required to use the Welch test. This is achieved extending the attributes of the indi-
viduals so that, in addition to variables that encode the solution, they include summary
statistics like the present average and current number of samples the average is based on.
The information remains in the system for as long as the individual is in the population.

This offers advantages in both mentioned dimensions. First of all, the amount of mem-
ory required is low and fixed as, regardless of the number of samples, the information
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carried by individuals is always the same. Then, there is also additional efficiency coming
from the fact that the values of all the aggregate statistics required for the test can be
updated on-line. This limits considerably the cost of considering each additional sample
and allows the test to be performed in a faster manner. The relevance of this feature is
directly related to n. The more samples are required by static resampling, the larger the
potential benefits would be.

4. Experimental Analysis

Experimentation was performed in order to determine if the proposed efficient sampling
achieves a significant reduction of computational costs.

Given the adaptable nature of the strategy, the process starts with the selection of
a dominance-based optimization algorithm. NSGA-IT and SPEA2 where selected as
MOOAs, as they are two of the most widely used techniques in the literature. For these
tests both the standard static resampling version and the efficient one were coded on
jMetal (Durillo, Nebro, and Alba 2010). This multi-objective optimization and meta-
heuristics framework allows a better comparison of the alternatives as all the basic com-
ponents are consistent.

The results of both algorithms, standard and efficient, were tested on extended ver-
sions of the ZDT1 to ZDT4 and ZDT6 functions. This popular set of test functions for
multiobjective optimizers introduced by Zitzler, Deb, and Thiele (2000) accounts for sev-
eral problems of a different nature (convex, discrete, multimodal...). Since the original
version of these problems does not include a component that requires resampling, an
extra objective to be minimized was added, the dispersion indicator described below.
The ZDT functions are defined for an arbitrary number of dimensions; 30 dimensions
were used for all the functions, which is an important increase in complexity over the
value of 10 used for ZDT4 and ZDT6 by Deb et al. (2002).

For the purposes of this work, the robustness of a solution is modelled through an
explicit dispersion indicator that can be adapted both to track unstable areas around
solutions and to handle noisy fitness functions (Garcia et al. 2014). Having said that,
the general approach would also be compatible with other variance definitions based on
resampling like the ones described in Gaspar-Cunha and Covas (2008). In this case the
control of solution implementation risk and the evaluation of the sensitivity of solutions
to direct perturbation, was made through an additional robustness objective that was
modeled as follows.

Given a solution @, its dispersion is defined as the average distance in the solution space
to a set of n samples, x/, obtained by multiplying the decision variables times a random
perturbation. A larger value would indicate that the solution is less robust and vice-
versa. Specifically, the perturbation is defined as a vector of uniformly distributed random
variables €; whose values are in the range [1 — p, 1 + p|. Here, p specifies the maximum
perturbation percentage to be applied on each of the values of €;. The robustness R of
the solution x is defined in 7 as

2im d(f (x), f (x))

n

R:r, = (7)

where n is the number of similar solutions sampled around @ and d (f (x), f (z})) is the
distance in the objective space once. The distance mentioned in the previous formula

is the Mahalanobis distance (Mahalanobis, P. C. 1936), whose use has the advantage of
limiting the problems of scale and correlation that often affect the Euclidean distance.
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It is defined as

d (ml,a:Q) = \/(581 — %2)T Z_l (581 — wg) (8)

where Zil is inverse of the variance-covariance matrix.

The previous process can be seen as sampling a multi-dimensional box centred at the
solution (variable space) and computing a dispersion metric based on the location of
the samples on the objective space. As it was discussed before, this specific dispersion
indicator is only one of many potential possibilities and it could be replaced with other
alternatives based on the resampling concept.

The experimentation is aimed at studying whether or not the efficient version of the
algorithm can offer similar results with fewer fitness evaluations. Such similarity will be
measured in terms of the Hypervolume of the fronts as performance indicator (Zitzler
and Thiele 1999). Hypervolume calculations require normalization of the values for each
objective function. For this purpose, all the Pareto fronts obtained throughout the ex-
periments have been combined in a “reference” front for each of the ZDT functions. The
crowding operator was used to select the best 1000 non-dominated solutions in each of
these combined fronts. The resulting set of solutions was then considered the “optimal”
solution for each of the ZDT problems.

4.1 Selection of parameters

Some preliminary experimentation was performed in order to select a maximum number
of samples n that was adequate. This initial effort showed that a small value for n (n = 5)
resulted in robustness estimates with a rather large variance. This problem was overcome
rising the samples to n = 50. In a real-world application, proper values of this parameter
will depend on the sensitivity of the solution to noise.

Another important parameter that closely depends on the problem being considered is
the nature of the perturbation for each of the input variables. A uniform noise distribution
that introduces a maximum distortion of 5% simultaneously and independently on each
of the input variables was used for the experiments. This parameter is required by the
dispersion indicator chosen as definition of robustness, but others might require higher
or lower values. Having said that, it is independent of the efficient resampling strategy
described in the previous section.

Finally, thresholds for the significance tests that are performed during rank comparison
were specified. This is the only parameter, «, that is specific to the component in charge
of reducing the number of fitness evaluations, and was arbitrarily set to: 0.01, 0.05, 0.1
and 0.25.

For the NSGA-II algorithm, the typical configuration found in (Deb et al. 2002) for
real number representation was used: crossover was performed using Simulated Binary
Crossover with crossover probability of 0.9, and mutation was Polynomial Mutation
with probability equal to 1/dimensions; both crossover and mutation used distribution
indexes of 20.0. Selection was performed by Binary Tournament.

In order to compare different executions of the algorithm it was important to ensure
that the solutions obtained on each run were effectively reaching the optimal Pareto
front. This was a concern specially for the more complex ZDT4 and ZDT6 problems.
Preliminary experimentation showed that, for 30 dimensions, a population size of 1000
individuals and 1000 generations provided good results. Those values were therefore
used in all the experiments. As these algorithms are stochastic, 25 independent runs
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Figure 3. ZDT1. Comparison of Pareto fronts obtained by the standard algorithm and efficient re-
sampling for different values of a.

were performed for each combination of problem and method.

The parametrization used for SPEA2 was very similar. The only differences were the
increase in the number of generations to 1500, as it took a bit longer to converge in some
scenarios, and the need to specify the size of the archive, which was set to 1000.

4.2 Results

This section reports the results of the experimental process described above. For each
test function, data regarding two key quality indicators: hypervolume of the solution and
the number of evaluations required, are provided. Results are shown in the form of tables
and figures.

Figures are related to each of the test functions and help to visualize the average differ-
ence between the basic setup (standard) and the efficient version for different significance
thresholds, a. Each table shows the main descriptive statistics: average, median, mini-
mum and maximum hypervolume; over the mentioned 25 independent experiment runs,
plus the associated variance.

The statistical significance of the difference of means was analyzed formally using a
number of standard statistical tests that were applied according to the following protocol.
First, the normality of the samples of 25 results was checked using a Lilliefors test. In
case normality was rejected, Wilcoxon test was used. Otherwise, homoscedasticity was
verified using Levenene’s test and, depending on the result, the process ended relying on
either a Welch test, or a standard t-test.

The structure of the front is depicted in fig. 3. There it can be seen how all solutions
overlap regardless of the core algorithm chosen. This is also observable when the quality
indicators is analyzed.

Results of the experiments on test function ZDT1 are shown in table 1. Similar hyper-
volumes were found for different threshold values of the «. Although there seems to be a
cost in terms of hypervolume, it is almost negligible. The largest loss on this benchmark
is 0.25%, large enough to be significant at 5%, but still rather low in magnitude. It was
also observed a pattern that links low values of « to smaller hypervolumes. For SPEA2,
the use of the efficient strategy resulted in a loss of 0.01% gain. The difference is so small
that equality could not be rejected at 1%. The hypervolume figures for efficient approach
show that the value of a has a very marginal impact on the quality indicator.

Depending on the setup, the number of evaluations required to get to a contrasted
solution varies widely. SR experiments stand for the standard static resampling and rep-
resent an scenario where telling whether an intermediate solution dominates another

10
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Table 1. Evaluations for ZDT1 for different values of the significance threshold (o)

Average Median Var. Min Max. Av. Diff. %
— SR 0.5828 0.5827 <104 0.5817 0.5847 NA
E ERo.01 0.5819 0.5820 <104 0.5803 0.5833 -0.16%
g  ERo.os 0.5818 0.5815 <104 0.5807 0.5843 -0.18%
— E ERo.10 0.5814 0.5813 <104 0.5798 0.5828 -0.25%
2 ERo.25 0.5814 0.5813 <104 0.5804 0.5833 -0.25%
@}
%) 2 SR 51051000.0  51051000.0 0.0 51051000.0 51051000.0 NA
;% ERo.01  46553902.8  46554555.0 250386760.2 46529062.0  46586343.0 -8.81%
§ ERo.05 42323796.4  42322292.0 369460895.4 42267638.0  42357510.0 -17.10%
7; ERo.10 37539889.2  37540648.0 676014604.4 37476472.0  37597841.0 -26.47%
= ERp.2s 20419001.8 20426377.0 1863358956.9 20339851.0  20489701.0 -60.00%
— SR 0.5772 0.5773 <104 0.5747 0.5788 NA
E ERo.01 0.5777 0.5776 <104 0.5759 0.5794 0.08%
g  ERo.os 0.5777 0.5778 <104 0.5752 0.5790 0.08%
E ERo.10 0.5776 0.5776 <104 0.5756 0.5799 0.06%
2 ERo.25 0.5771 0.5772 <104 0.5752 0.5790 -0.01%
=
% Z2 SR 75051000.0  75051000.0 0.0 75051000.0  75051000.0 NA
;% ERo.01  69931849.9 69935577.0 256232878.6 69895250.0  69955769.0 -6.82%
£ ERoos 65797001.2 65796623.0 969832100.6 65746030.0 65854589.0 -12.33%
Tg ERo.10 61763642.2 61773627.0 2028533760.7  61638516.0 61826027.0 -17.70%
= ERg.os 48038747.2  47989475.0 27753236086.2  47770266.0  48387909.0 -35.99%

SR: Standard Resampling; ER«: Efficient resampling

one in terms of robustness requires using all the available information, i.e. robustness
is computed by reaching the upper bound limit of n samples. This means that for ev-
ery evaluated solution 50 samples will be used. Consequently, the efficient resampling
approach, EFR, would require fewer evaluations, as the comparison process would be
finished as soon as the statistical test rejects the equality.

As expected, the larger the parameter «, the fewer evaluations are required to reject
the null hypothesis and, therefore, the more efficient is the strategy. Results in table
1 show that when using a significance level of 25%, i.e. a = 0.25, NSGA-II obtains a
60% reduction on the number of evaluations leading to a Pareto front solution whose
hypervolume is 0.25% smaller than the one that would have been obtained using all 50
samples in the robustness computations, i.e. static resampling. The general pattern is
consistent with the one offered by SPEA2. In this case, even though the advantage in
terms of the reduction in the number of evaluations is lower, the gain of 36% is still
very sizable. Reducing a makes the rejection more difficult, and consequently, enforces
and increase in the number of evaluations. As observed, the most demanding condition
within this set of experiments results in 8.81% and 6.82% evaluation gains for NSGA-II
and SPEA2 respectively,against a hypervolume reduction of 0.16% and a gain of 0.08%,
meaning that the above figures were enough to reject the null hypothesis of equality with
at a 1% significance level.

It is possible to conclude this analysis of experiments for ZDT1 saying that even in the
worst-case scenarios, offered by NSGA-II, the efficient approach provides significant re-
ductions in the number of evaluations at the cost of very small losses in the hypervolumes
of the obtained fronts.

ZDT2 test problem requires optimising a the nonconvex function shown in fig. 4. The
pattern displayed in the results for ZDT2 (Table 2) basically mirrors the one observed for
ZDT1 for both core algorithms. The hypervolume cost of saving evaluations for NSGA-
IT is relatively small, below 1%, and the null hypothesis of equality vs. the non-efficient
algorithm is rejected at 1%. This, however, is not the case for SPEA2. In this case,
equality cannot be rejected at 1% for differences that, in the worst-case scenario, reach
0.16%. The advantage of using the efficient approach with both algorithms is evident.
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Figure 4. ZDT2. Comparison of Pareto fronts obtained by the standard algorithm and efficient re-
sampling for different values of a.

Table 2. Evaluations for ZDT?2 for different values of the significance threshold («)

Average Median Var. Min Max. Av. Diff. %
— SR 0.2404 0.2405 <1074 0.2384 0.2426 NA
E ERo.01 0.2394 0.2395 <10~4 0.2374 0.2411 -0.41%
¢ ERo.os 0.2387 0.2388 <1074 0.2374 0.2404 -0.71%
— E ERo.10 0.2388 0.2387 <1074 0.2368 0.2407 -0.64%
2 ERo.25 0.2383 0.2383 <1074 0.2367 0.2400 -0.86%
O
C£ g2 SR 51051000.0  51051000.0 0.0 51051000.0  51051000.0 NA
2  ERgo1 48244286.0 48247062.0 145258140.0 48226908.0  48270627.0 -5.50%
£  ERoos 45797333.0 45800434.0 444147145.2 45742774.0  45834670.0 -10.29%
T; ERo.10  42926288.5 42928124.0 633760289.8 42866870.0  42962938.0 -15.91%
= ERp.a2s 28871642.3 28870287.0  2058248360.4  28768065.0 28959120.0 -43.45%
— SR 0.2333 0.2335 <1074 0.2318 0.2345 NA
E ERo.01 0.2336 0.2334 <1074 0.2317 0.2361 0.12%
g  ERo.os 0.2335 0.2335 <1074 0.2316 0.2360 0.11%
E ERo.10 0.2335 0.2331 <1074 0.2312 0.2359 0.09%
2 ERg.25 0.2337 0.2337 <1074 0.2321 0.2364 0.16%
€2
% Z SR 75051000.0  75051000.0 0.0 75051000.0  75051000.0 NA
2  ERgo1 71283816.5 71284074.0 257853336.8 71257783.0  71315895.0 -5.02%
£ ERopos 68466804.3 68465087.0 871892037.1 68404143.0  68516025.0 -8.77%
T:E ERp.10 65917895.6  65915506.0 1114852965.8 65860730.0 65981257.0 -12.17%
B ERpo2s 57821886.1 57832002.0 19283501280.3 57561441.0 58124506.0 -22.96%

SR: Standard Resampling; ER,: Efficient resampling

Table 2 shows that efficient resampling saves between 5.5% and 43.5% of evaluation calls
for NSGA-II, or between 5% and 23% if the core algorithm is SPEA2, yet keeping the
hypervolumes below the 1% level.

The function ZDT3, graphically described in fig. 5, is much more challenging due to
its discrete (non-connected) nature. At first sight, efficient resampling does not seem to
result in an evident disadvantage, as the solutions from all the tested configurations seem
to cluster in the same places.

This first impression is supported by the data shown in table 3. Average hypervolume
for the baseline configuration and the efficient approach are very close regardless of
the value of a. They are so similar that, for SPEA2, the equality of differences for the
averages vs. standard method cannot be rejected at 1%. For NSGA-II and o = 0.01,
equality cannot be rejected at 5%. For the rest, it can only be done at 1%. The loss
of hypervolume suffered by the robust versions are limited to 0.31% and 0.01%, so the
upper bounds are much lower that than for ZDT2. Having said that, the magnitude of
the differences is both small and similar.
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Figure 5. ZDT3. Comparison of Pareto fronts obtained by the standard algorithm and efficient re-
sampling for different values of «.

Table 3. Evaluations for ZDT3 for different values of the significance threshold («)

Average Median Var. Min Max. Av. Diff. %
_ SR 0.4956 0.4956 <1074 0.4936 0.4969 NA
g ERo.01 0.4946 0.4946 <1074 0.4931 0.4964 -0.19%
¢ ERo.05 0.4943 0.4943 <1074 0.4929 0.4960 -0.26%
—~ & ERoao 0.4945 0.4944 <1074 0.4934 0.4973 -0.23%
:'n ERg.25 0.4940 0.4941 <1074 0.4920 0.4955 -0.31%
)
2 £ Sr 51051000.0  51051000.0 0.0 51051000.0  51051000.0 NA
2 ERgo1 47054253.3  47056512.0 575409700.8 47015692.0  47094058.0 -7.83%
S  ERgos 42934043.3  42927974.0 563258007.7 42893429.0  42987260.0 -15.90%
‘s ERoio 379592228 37958697.0  1235802000.9  37871739.0  38028759.0 -25.64%
M  ERgos 19167879.7 19170929.0  4309517941.6  19047897.0  19296106.0 -62.45%
. SR 0.4915 0.4915 <1074 0.4898 0.4933 NA
g ERo.01 0.4914 0.4913 <1074 0.4896 0.4944 -0.01%
g ERo.05 0.4916 0.4914 <1074 0.4899 0.4938 0.04%
2z ERo.o 0.4915 0.4915 <1074 0.4898 0.4936 0.02%
B ERo.25 0.4915 0.4914 <1074 0.4901 0.4930 0.01%
m
% Z SR 75051000.0  75051000.0 0.0 75051000.0  75051000.0 NA
2 ERgo1 70109489.8  70100848.0 622444655.7 70065285.0  70151256.0 -6.58%
€  ERoos 65948083.6  65943977.0 502876820.0 65902202.0  65994502.0 -12.13%
‘s ERgio 61541423.2  61540550.0 ~ 1683843761.0  61442037.0  61633473.0 -18.00%
A  ERgos 46127881.7 46041338.0 120108744344.4  45440490.0 46852811.0 -38.54%

SR: Standard Resampling; ER: Efficient resampling

These figures contrast with the efficiency gains. The minimum average number of fitness
evaluations saved using NSGA-II is 7.8%, and the maximum is 62.6%, the largest so far,
and very close to the results obtained for ZDT1. This pattern is mirrored by SPEA2.
Even though the gains are not as important, the reduction of 38.5% is significant and
the highest for any of the benchmark functions for SPEA2.

ZDT4 is a function for which the main difficulty to overcome is related to its high
multimodality. The structure of the approximations to the Pareto front obtained is shown
in fig. 6. We should note again that is difficult to tell any obvious difference between the
static and efficient approaches as all the solutions seem to cover a similar area.

The differences in hypervolume are small, and even the parametrization that results
in the lowest number of evaluations operates at a expense of 0.27% vs. a gain of 19.15%
for NSGA-II in terms of the last column shown in table 4 and an improvement of 14.6%
with no hypervolume cost for SPEA2. Despite this, the computational gain is lower
than for all other functions, ZDT1-3. This was somewhat expected, as the multimodal
nature or the objective functions is likely to create a rugged landscape. This would make
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Figure 6. ZDT4. Comparison of Pareto fronts obtained by the standard algorithm and efficient re-
sampling for different values of a.

Table 4. Evaluations for ZDT4 for different values of the significance threshold ()

Average Median Var. Min Max. Av. Diff. %
— SR 0.5711 0.5711 <10~4 0.5700 0.5730 NA
E ERo.01 0.5705 0.5706 <10~4 0.5688 0.5724 -0.11%
g ERo.os 0.5703 0.5702 <10~4 0.5688 0.5726 -0.15%
— E ERo.10 0.5700 0.5701 <1074 0.5681 0.5714 -0.21%
z ERg.25 0.5696 0.5695 <10~4 0.5680 0.5715 -0.27%
@)
c£ g2 SR 51051000.0  51051000.0 0.0 51051000.0  51051000.0 NA
2 ERgo1 49106738.2 49107581.0 1144840085.1  49038534.0  49193795.0 -3.81%
§ ERop.05 47803741.3  47799149.0 2644886587.3 47717531.0  47946096.0 -6.36%
T; ERp.10 46451380.9 46463460.0  3588566345.1  46313593.0 46568650.0 -9.01%
= ERg.as 41275670.8 41286052.0 11534422561.3 41026871.0 41514530.0 -19.15%
— SR 0.5601 0.5601 <10~4 0.5583 0.5629 NA
g ERo.01 0.5600 0.5598 <1074 0.5575 0.5621 -0.02%
¢  ERo.os 0.5603 0.5605 <1074 0.5584 0.5622 0.04%
E ERo.10 0.5598 0.5597 <1074 0.5583 0.5612 -0.05%
2 ERo.25 0.5601 0.5600 <1074 0.5578 0.5633 0.00%
=
% Z SR 75051000.0 75051000.0 0.0 75051000.0 75051000.0 NA
2  ERgo1 71704829.6 71698571.0  2103534014.4  71601328.0  71797216.0 -4.46%
£  ERpos 69970344.0 69977941.0  6437428926.6  69842105.0  70145014.0 -6.77%
T‘; ERp.10 68399696.0 68405509.0 11608680363.1 68205668.0 68628845.0 -8.86%
= ERp.o2s 64088198.4 64086952.0 21717901773.7 63791446.0 64442298.0 -14.61%

SR: Standard Resampling; ER,: Efficient resampling

difficult for the statistical test to discriminate clearly due to the variability found in the
objective space as it samples the neighborhood of candidate solutions. For this reason,
the system requires additional data and there is less margin for efficiency gains. All the
cross differences in the number of evaluations are significant at 1%.

To finalize with the set of experiments, the efficient strategy was tested with the non-
uniforn function ZDT6, as illustrated in figure 7. Results reported in table 5 show that
this problem is the hardest of the test set. The reduction in the improvement in the
number of evaluations was expected for the same reasons that were mentioned before.
However, it is also true that, while the divergences between the standard version and
the efficient ones are significant at 1%, we cannot reject equality for the cross differences
among the efficient setups with the exception of a = 0.25 for NSGA-II (significant at
5%). The loss of hypervolume for NSGA-II is still low, but much larger than for the rest
of benchmark functions analyzed. However, the ratio of the loss in one indicator vs. the
gain in the other goes from 2.6 to 23.1 for a = 0.25. SPEA2 also achieves reductions in
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Figure 7. ZDT6. Comparison of Pareto fronts obtained by the standard algorithm and efficient re-
sampling for different values of a.

Table 5. Evaluations for ZDT6 for different values of the significance threshold ()

Average Median Var. Min Max. Av. Diff. %

—~ SR 0.5299 0.5301 <107* 0.5265 0.5347 NA
E ERo.01 0.5266 0.5263 <107* 0.5240 0.5296 -0.62%
g ERo.os 0.5265 0.5262 <107* 0.5228 0.5312 -0.63%

—_ é} ERo.10 0.5276 0.5278 <107% 0.5238 0.5306 -0.43%

z ERo.25 0.5270 0.5273 <107% 0.5217 0.5331 -0.54%

@)

% 2 SR 51051000.0  51051000.0 0.0 51051000.0  51051000.0 NA
£  ERoo1 50241413.8  50241945.0 385653058.2 50198970.0 50268168.0 -1.59%
£  ERo.os 49533529.7 49527710.0 1356443116.5 49447424.0  49611966.0 -2.97%
7; ERo.10 48684614.6 48678209.0  4891676639.9  48560471.0  48882130.0 -4.64%
B ERg.2s 44674397.1 44686855.0 21229557780.2  44356869.0 44961655.0 -12.49%
—~ SR 0.5091 0.5093 <1074 0.5055 0.5132 NA
E ERo.01 0.5130 0.5133 <1074 0.5097 0.5187 0.76%
¢ ERo.os 0.5125 0.5127 <107% 0.5075 0.5159 0.67%
E ERo.10 0.5124 0.5130 <107% 0.5059 0.5180 0.64%

<N: ERo.25 0.5131 0.5135 <1074 0.5076 0.5187 0.78%

=

[al)

© 2 SR 75051000.0  75051000.0 0.0 75051000.0  75051000.0 NA
£ ERoo1r 74035031.6  74038535.0 968756660.8 73967752.0  74082528.0 -1.35%
£  ERo.os 731124454 73110770.0  7417017359.9  72953428.0  73290201.0 -2.58%
T; ERo.10 72057381.3  72049854.0 15931747012.8  71857269.0  72388798.0 -3.99%
B ERop.25 68339683.2 68354362.0 41126546984.3 67912340.0 68724942.0 -8.94%

SR: Standard Resampling; ER: Efficient resampling

the number of calls to the fitness functions. These are in the range of 1.4% to 8.9% and,
as usual, they are more discrete than the ones offered by the other core algorithm.

As it has been shown, for most of the benchmark functions the reductions in the number
of evaluations are very significant and they come at the expense of a very small loss in
hypervolume. In a real-world application, the decision maker would have to balance the
importance of those two and choose a value for a accordingly.

5. Summary and Conclusions

This paper was aimed at introducing a method to increase the computational efficiency
of dominance-based multi-objective evolutionary algorithms for robust optimization. The
strategy is applicable in problems where robustness is modelled using a dispersion in-
dicator. The approach successfully reduces the number of samples required to compare
the robustness of two solutions by means of statistical tests. The implementation allows
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on-line updates of the key metrics required to apply them, adding speed and reducing
memory needs. The algorithm only depends on a single parameter, namely, the signifi-
cance level, «, required for the statistical tests.

The strategy was tested for NSGA-II and SPEA2 on a set well-known test functions for
multiobjective optimizers (ZDT1-4 and ZDT6), which were extended with a robustness
objective. Both the standard algorithms and the modified efficient versions were com-
pared to verify whether or not similar solutions were provided. The results show that the
latter required fewer fitness evaluations to provide similar solutions for these functions.
This assessment was performed for different values of the parameter a.

The main observation derived from the experimental analysis has been that the efficient
implementation resulted in gains in average fitness evaluations than exceeded by a far
margin the cost in hypervolume. The magnitudes of these were associated to two main
factors, the value of «, and the structure of the fitness landscape.

Generally, the lower the significance level of the statistical test, the closer the results
to the baseline implementation would be. For NSGA-II Large a values tended to be
associated with slightly smaller hypervolumes. For SPEA2 the evidence is mixed, but
most of the differences were so small that they were insignificant at the 1% conventional
level. This, however, came together with a a significant reduction of fitness evaluations
regardless of the core algorithm. The variations of the hypervolumes of the generated
fronts tended to be well below 1% in the worst case scenario while the average gains for
the evaluation gains rose up to 62%.

As it was mentioned, the structure of the fitness landscape might limit the performance
of the efficient approach. This makes sense as the variance of the dispersion in the ob-
jective space of samples around the components of candidate solutions largely influences
the ability of the statistical test to reject the null hypothesis of equality. Therefore, in
very rugged landscapes, this method would not offer the same advantages in terms of
reduction of the number of evaluations.

Researchers and practitioners dealing with optimization problems where resampling is
required, and especially on those problems where fitness evaluations are rather expensive,
would find the approach described in this paper particularly useful.

Despite the fact that the work presented is based on NSGA-II and SPEA2, the approach
is easily applicable to other dominance-based multi-objective algorithms. In addition to
this, the idea can also be carried over to other robustness indicators based on dispersion,
either new or found in the literature. All this opens room for future research assessing the
way that the mentioned components generalize in terms of the quality of the solutions,
and the computational effort saved. This could be complemented by studying how the
method behaves on real-world applications.

In the field of engineering, the method might be successfully applied in many areas.

In Circuit Design (Patil et al. 2005), for instance, each circuit gate accumulates a total
delay based on input-output delays for all the paths involved. These uncertain values
define the so-called ’sizing problem’ (having minimum delay for a given area or power).
Authors suggest that this objective has to be balanced with management of critical paths.
So, multi-objective robust optimization might be used to achieve better designs.

Additionally, the method might be of great interest in the field of Structural Design.
Robust optimization was used in Ben-Tal and Nemirovski (1997) for truss topology de-
sign. Structures are optimized for a series of loading scenarios. The objective of robust
design is to ensure that node displacement is admissible even if loads have some variation
from the design scenarios. More recently, multi-objective optimization has been consid-
ered for structural design problems in Doltsinis and Kang (2004). In this scenario, the
approach is very likely to be useful as fitness evaluation are typically costly.
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