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Abstract. Differential Evolution (DE) is one of the most powerful commonly used metaheuristics for global multi-
objective optimization. New strategies to improve the DE’s performance are an important and attractive research
study. The third Evolution Step of Generalized Differential Evolution (GDE3) is a widely used DE-based multi-
objective evolutionary algorithm in the literature, especially in real-world multi-objective optimization problems
with two or three conflicting objectives in its formulation. GDE3 uses the most popular mutation strategy of the DE,
DE/rand/1, which randomly selects three candidate solutions from the population without considering any order.
The fourth version of the Generalized Differential Evolution (GDE4) was recently proposed, which presents an
ordered mutation operator based on two well-known schemes: Non-dominated Ranking and Crowding Distance.
Previous studies have shown that GDE4 outperforms GDE3 on a set of many-objective optimization problems.
In this paper, the second version of GDE4 is proposed, GDE4-II, considering a local ordering among the three
randomly selected individuals instead of the entire population as GDE4. Besides, experiments are conducted to
evaluate the performance of the two GDE4 variants in benchmark and engineering multi-objective optimization
problems with two and three objective functions. Metrics such as Hypervolume and Inverted Generational Distance
plus IGD+) combined with performance profiles are used to point out the robustness of the GDE4 and GDE4-II.

Keywords: Multi-Objective Optimization, Differential Evolution, Ordered Mutation.

1 Introduction

Differential Evolution (DE) (Storn and Price [1]]) is a simple and efficient evolutionary algorithm for solving
complex numerical optimization problems in continuous search spaces. Several extensions of DE to solve Multi-
objective Optimization Problems (MOP) have already been proposed in the literature. Among them, the third
Evolution Step of Generalized Differential Evolution (GDE3) (Kukkonen and Lampinen [2]) can be found as a
widely used DE-based multi-objective evolutionary algorithm (MOEA). Recently, a new variant was proposed,
GDEA4 (Bidgoli et al. [3]), with the promise of improving the performance of the previous version.

Since many real-world optimization problems have conflicting objectives, the demand for efficient optimiza-
tion algorithms both computationally and in finding attractive solutions becomes indispensable. GDE3 attracts
attention in this scenario, mainly when applied to two- and three-dimensional problems (i.e., with two or three ob-
jective functions), due to the ease of being implemented, robustness, computationally fast, and for its few control
parameters. GDE3 was applied by Lemonge et al. [4], Vargas et al. [5], and Zavala et al. [[6] to solve bi-dimensional
MOPs involving the design of truss structures, optimizing both the structure’s weight and the displacement of its
nodes. Ibrahim et al. [7] uses GDE3 to optimize the geometric features of a thermoelectric generator for improved
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efficiency and output power while incorporating different operating conditions. In a three-dimensional scenario,
Yin et al. [8] and Goudos et al. [9] applied GDE3 in real-word MOPs. Yin et al. [8] uses GDE3 as a MOEAs in
the context of a reliability-aware multi-objective predictive control approach for a wind farm. The three control
objectives considered were maximizing the averaged wind farm power production, minimizing the averaged wind
farm thrust loads, and maximizing the actuator health-informed wind farm reliability. Also, GDE3 was one of
the MOEAs considered by Goudos et al. [9] in a multi-objective optimization approach for indoor wireless net-
work planning, in which the three objectives considered were exposure minimization, coverage maximization, and
power consumption minimization.

Both original DE and GDE3 use DE/rand/1 (the most popular mutation DE strategy), randomly selecting three
candidate solutions from the population without considering any ordering in its mutation scheme. Lately, Bidgoli
et al. [3] proposed an enhanced version of GDE3, which orders those solutions before applying the mutation
process. This ordering is based on two well-known strategies: Non-dominated Ranking and Crowding Distance.
This new approach is referred to as GDE4. GDE4 sorts the three candidate solutions randomly selected from the
population in the best, the second-best, and the worst, according to its Non-dominated Ranking and Crowding
Distance measures concerning the entire population. The authors called this scheme by DE/order/1 strategy and
conducted experiments on a benchmark set of many-objective optimization with 5, 10, and 15 objectives. All of
them were unconstrained optimization problems. The results showed that GDE4 outperforms GDE3.

This paper proposes to evaluate the performance of GDE4 in MOPs with two and three objective functions.
Also, a second version of the GDE4 is proposed, called GDE4-II, which applies the order strategy of GDE4 com-
paring only the three selected individuals instead of the entire population. This work also extends the knowledge
about the robustness of those algorithms, with experiments on constrained real multi-objective structural optimiza-
tion problems.

Computational experiments with GDE3, GDE4, and GDE4-II in MOPs with 2 and 3 objectives are performed.
The aim is to verify if the GDE4 and the GDE4-II present good performances as aforementioned, making GDE4
and GDEA4-II also options for future works in MOPs with two or three objective functions, especially real-world
MOPs. The benchmarks ZDT (Zitzler et al. [10]), DTLZ (Deb et al. [11]), WFG (Huband et al. [12]), and contin-
uous structural multi-objective optimization design of the 10-, 25-, and 72-bar trusses (Vargas et al. [5]) problems
were adopted for the numerical experiments. The obtained results were evaluated according to the Hypervol-
ume (Zitzler and Thiele [13]) and Inverted Generational Distance plus (IGD+) (Ishibuchi et al. [14]]) metrics and
Performance Profiles (Dolan and Moré [15]]).

This paper is organized as follows: Section [2| describes the general formulation of the multi-objective op-
timization problem. Section [3| provides the steps of generalized differential algorithms used and the extensions
proposed in this paper. The numerical experiments are presented and analyzed in Section4] Finally, the paper ends
with the conclusions reported in Section [5}

2  Multi-Objective Optimization Problem

A MORP is formulated as
miny [fl(x)va(X)v'“;fm(X)] (1)
st. x=(x1,...,x,) with z; € [l;,u]
where [; and u; are the lower and upper bounds, respectively, of each x; of vector x € R", Vi = 1,...,n.

Furthermore, equality (h(x) = 0) and inequality (g(x) < 0) constraints can be considered. In this case, we are
looking for solutions that optimize the objective functions and satisfy the constraints.

A MOP with more than three objective functions (m > 3) is called a many-objective optimization problem.
Since the solution of a MOP involves conflicting objectives, the aim is to find good compromises (trade-offs),
represented by the Pareto optimum set (PS), which is based on the concept of dominance defined as follows: a
solution x € R™ dominates another solutiony € R™ (x < y) iff f;(x) < fi(y),Vi=1,...,n,and 3j(1 < j < n)
with f;(x) < f;(y). Two solutions X,y € R™ where X £ y and y 4 x are termed non-dominated solutions.

This definition says that P.S is formed by all non-dominated solutions that represent the best trade-offs as
possible of a MOP, that is, x € P.S of the MOP if there exists no y which y < x. The Pareto Front of the MOP is
the set PF' = {(f1(X), f2(x), ..., fm(X)), ¥x € PS}. Population evolutionary algorithms like DE are indicated
to solve MOPs since they can obtain robust approximations for the P.S in a single execution.
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3 Generalized Differential Evolution

The Generalized Differential Evolution (GDE) has extended the DE for MOP. GDES3, its most popular ver-
sion, starts by randomly generating an initial population and then improves it using DE’s classical mutation strategy
(DE/rand/1), which produces a trial vector from three vectors randomly selected in the population. The crossover
rate (CR € [0, 1]), the mutation factor (F' € R), and the population size (V) are user-defined parameters.

Mathematically, let P be a population of N decision vectors X; ¢ in generation G, where ¢ € {1,...,N}.
Each x; ¢ is an n-dimensional vector and X; ; ¢ is its j-th component, with j € {1,...,n}. Then, a trial vector
u; ¢ is constructed through of DE/rand/1 strategy. After the mutation and crossover operations, the trial vector
u; ¢ is compared to the target vector x; . The trial vector u; ¢ is selected to replace the target vector x; ¢ in
Pgiiifuw g < x;¢. If x;,¢ < w; g, w; g is discarded and x; ¢ remains in the population. Otherwise, both are
included in Pg4 ;. To resize Pg4; to IV solutions, Non-dominated Ranking and Crowding Distance are applied to
Pg 1. Non-dominated Ranking sorts all the solutions, assigning them to different Pareto ranks according to the
domination among the solutions. To assign the Pareto ranks, we search for all non-dominated solutions of Pg4 1
to assign them to rank 1. The solutions of rank 2 will be those that are non-dominated of P when we discard
all solutions of rank 1, and so on. Solutions in a smaller rank are better than those in a larger one. The Crowding
Distance is introduced to estimate the density of solutions and select solutions from the same rank. Solutions with
higher Crowding Distance are preferred.

The functioning of GDE4 is similar to GDE3, except for the introduction of a new ordered mutation scheme.
The GDE4 ordered mutation scheme, called by DE/order/1, sorts X,, ¢, X, &, and X, ¢ in the best (Xp), the
second-best (X3 ), and the worst (X,,), according to their Non-dominated Ranking and Crowding Distance measures
in relation to the entire population. Then, the ordered mutation DE/order/1 calculates the trial vector by u; ¢ =
Xib,a + F(Xi 0,6 — Xiyw,q)-

Four possible cases can be considered:

1. All three candidate solutions are in different Pareto Fronts. In this case, the lowest rank will be x;, the middle
rank will be x4, and the greatest rank will be x,,;

2. Two candidate solutions are in the same Pareto Front and the third in a lower rank. In this case, the lowest
rank will be x;. Between the two of the same rank, one with the biggest Crowding Distance will be X, and
the other will be x,,;

3. Two candidate solutions are in the same Pareto Front and the third in a bigger rank. In this case, the biggest
rank will be x,,. Between the two of the same rank, the one whose Crowding Distance is bigger will be x;,
and the one whose Crowding Distance is smaller will be Xgp;

4. All three candidate solutions are in the same Pareto Front. In this case, the biggest Crowding Distance will
be x;, the middle Crowding Distance will be x4, and the lowest Crowding Distance will be x,,;

We propose a modification to the GDEA4, referred to as GDE4-II. GDE4-II applies the order also based on
dominance and crowding distance but here considering only the three randomly selected solutions X, @, Xr,.G,
and X,., ¢, unlike the GDE4 that orders based on the entire population. We established this approach by realizing
the highly elitist condition of the GDE4, indicating a tendency of the algorithm towards rapid convergence and
stagnation in local optima. Although GDEA4-II still has an elitist character, the relaxation of the mutation operator
for local ordering may favor discovering new promising areas of the search space.

The other components in GDE3 remain the same in both GDE4 and GDE4-1I: the trial vector u; ¢ is compared
to the target vector X; ¢ to replace it or not in the next generation P 1, whose size is kept fixed at N by Non-
dominated Ranking and Crowding Distance.

In Bidgoli et al. [3]], no experiments were performed with problems with constraints. Another contribution
of this paper was to extend the scheme DE/order/1 to problems with constraints. For this, it was used the GDE3
constraint-domination concept, denoted by (<.): x1 <. x2 iff any of the following conditions is true: 1) z; is
feasible and x5 is not; 2) x; and x5 are infeasible and x; dominates x5 in constraint function violation space; 3)
x1 and x4 are feasible and x; dominates x5 in objective function space. So, Xy, Xsp, X,, are chosen in such a way
that X, <. X5, <. X, in problems with constraints.

4 Numerical Experiments

We compare the performance of the GDE family on four benchmark sets of problems: (i) ZDT, 5 bi-
dimensional problems (Zitzler et al. [[10]); (ii) DTLZ, 7 tri-dimensional problems (Deb et al. [11]); (iii) WFG,
9 tri-dimensional problems (Huband et al. [12]); (iv) continuous structural multi-objective optimization design of
the 10-, 25-, and 72-bar trusses (Vargas et al. [3]).

Concerning ZDT problems, 150 generations and 100 candidate solutions in the population were set. The DE
user-defined parameters CR = 0.9 and F' = 0.5 were adopted, except for ZDT4 problem whose CR = 0.1. As
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for DTLZ problems, 250 generations and a population size of 100 solutions were used. CR = 0.1 and F' = 0.5 for
all DTLZ problems. These parameters are commonly found in the literature. Due to DTLZ are scalable problems,
the following dimensions were adopted: DTLZ1, n = 7; DTLZ 2-6, n = 12; and DTLZ7, n = 22. The parameter
a = 100 was adopted for DTLZ4. All of these values are suggested by Deb et al. [[L1]]. The following parameters
were adopted for all WFG (1-9) problems: n = 12, CR = 0.1 and F' = 0.5, 250 generations and 100 candidate
solutions in the population. In the case of continuous structural multi-objective optimization design of the 10-
, 25-, and 72-bar trusses (whose full description can be found in Vargas et al. [5]), CR = 0.1 and FF = 0.5
(DE parameters), 500 generations and 100 candidate solutions in the population were set. It was performed 20
independent runs of each algorithm for each MOP.

4.1 Performance Metrics

Two characteristics are considered to evaluate the performance of the algorithms: convergence and diversity.
It means finding solutions as close as possible to the true Pareto Front while maintaining a good spread along with
it. Many performance metrics for measuring these two criteria either separately or together have been proposed
in the literature. For this work, it was chosen the Hypervolume (HV) (Zitzler and Thiele [13]) and Inverted
Generational Distance plus (IGD+) (Ishibuchi et al. [14]) due to its ability to measure obtained Pareto set both
convergence and diversity to the true Pareto front. Also, Performance Profiles (PP) (Dolan and Moré [15]) are
presented to reinforce the analyses.

The HV calculates the hypervolume enclosed between the obtained Pareto set and a reference point. In MOPs
with two objective functions, the hypervolume is the stairway polygon area whose solutions obtained represent the
corner of steps. The point formed by each objective function’s maximums is usually used as the reference point
(RP) for HV value calculation.

The original Inverted Generational Distance (IGD) (Sierra and Coello [[16]) measures the average of the Eu-
clidean distances of each solution in true Pareto Front to the nearest element in the obtained Pareto set. Except for
the change from Euclidean distances to the distance from each true Pareto point z = (21, ..., 2, ) to the dominated
region by the obtained solution a = (ay, ..., a,, ), calculated as

m

d+(z7 a) = Z(mam{zl — Qi 0})2v (2

i=1

there is no difference between the IGD and the Inverted Generational Distance plus (IGD+) (Ishibuchi et al. [14]).
The IGD+ has the same advantage as the IGD (simplicity of its computation). At the same time, the IGD+ has
an additional advantage: Weakly Pareto-compliant, as shown in Figure The closer the obtained Pareto set
approximation is to the true Pareto Front, the smaller the IGD+ value.

K b AN .
b
) ‘ O
o el
g\ g
‘ —
El N % El NS
8 \\ g \
= s~~~~- = \~~~~
Pareto Front  — == Pareto Front . ——="=
> S
Minimize f, Minimize f;
(a) IGD (b) IGD+

Figure 1. Distance calculation in the IGD and the IGD+ (Extracted from [[17]).

Performance profiles (PP) are an important tool for evaluating and comparing the performance of a set of
solvers in a set of problems, according to a given performance metric that one wants to minimize. The area under
the curves produced by the PP is a good indicator of the overall performance of the algorithms (Barbosa et al.
[[L8]]). The larger the area value, the better the overall performance of the algorithm.

4.2 Results

Figure [2] shows the performance profiles (PP) curves with both HV and IGD+ metrics considering the 20
independent runs performed of each algorithm for each MOP. In general, GDE4 is the algorithm that obtains
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performance slightly superior to the others according to both metrics HV and IGD+. This is confirmed by the area
under its performance curve in the Figure[2] since the larger the area under its PP, the better the overall performance
of the algorithm. The PPs also indicate the difficulty of convergence of the GDE4-II for some problems, verified
by the high value of 7 to achieve p(7) = 1.

1 { I I I 1 I I
0.8 <' 0.8 ﬁ
0.6 1 0.6
E £
< <
0.4 0.4
021 GDE3 021 GDE3
——— GDE4 ——— GDE4
GDE4-Il GDE4-II
0 T T T T T T 0 T T T T T T T
1 1.2 1.4 1.6 1.8 2 22 24 0 10 20 30 40 50 60 70 80
T T

(a) HV: GDEA4 (1); GDE3 (0.99110); GDE4-1I (0.95713). (b) IGD+: GDEA4 (1); GDE3 (0.98901); GDE4-II (0.95400).

Figure 2. Performance profile curves of the HV and IGD+. The normalized areas under their curves are shown
between parenthesis.

An example of the good performance of GDE4 is shown in Figure [3] where it was able to obtain higher f;
values than the others. This behavior is welcome in multi-objective optimization problems. Whether on the one
hand, we are looking for convergence to the Pareto curve. On the other hand, we are also interested in the solutions
being as spread out as possible.

Although GDE4-II had the worst PP values, it got better performance on problems such as the 10-bar truss
(Table 2) and was competitive in many others. Its poor performance was mainly due to the problem ZDT2 (Table
|I[), a problem with non-convex true Pareto Front.

1.4 :
e GDE3
12+ e GDE4 |
e GDE4-Il
.| ]
0.8+ .
&
06" .
0.4+ .
0.2} ]
L]
O 1 1 1
0 500 1000 1500 2000
fi

Figure 3. Pareto front obtained in the continuous structural multi-objective optimization design of the 72-bar trus.

Table 1. Hypervolume(HV) and IGD+ mean calculated from the Pareto Front in ZDT?2 problems

Problem GDE3 GDE4 | GDE4-1I
Mean | 0.30322 | 0.36951 | 0.15500

ZDT2
Mean | 0.04774 | 0.00396 | 0.28062
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Table 2. Hypervolume(HV) and IGD+ mean calculated from the Pareto Front in truss problems

Problem GDE3 GDE4 | GDE4-1I
10b HV | 0.86430 | 0.85668 | 0.86460
IGD+ | 0.00147 | 0.00334 | 0.00134

25h HV | 0.88551 | 0.88550 | 0.88546
IGD+ | 0.00069 | 0.00070 | 0.00072

b HV | 0.90923 | 0.90928 | 0.90907
IGD+ | 0.00124 | 0.00129 | 0.00137

Even though GDE4 was the algorithm with the best overall performance when considering the entire set of
problems in this work (Figure [2), it can be seen in Table 2 that GDE4 does not deliver the best results for the
truss problems. On the other hand, GDE4-II finds, on average, better results for the 10-bar problem, while GDE3
performs better on the 25-bar problem. Considering the IGD+ metric, GDE3 is also the algorithm that finds the
best results for the 72-bar problem.

5 Conclusions

This paper compared the performance of GDE3, GDE4, and GDE4-II when solving benchmark problems
and structural multi-objective optimization design of the 10-, 25-, and 72-bar trusses. We emphasize that this
paper proposed a second version of GDE4, called here by GDEA4-II, considering a local ordering among the three
randomly selected individuals instead of the entire population as GDE4. Another contribution of this paper was to
extend the scheme DE/order/1 to problems with constraints. The algorithms were evaluated using Hypervolume
and Inverted Generational Distance plus (IGD+) combined with its performance profiles. It was observed that
GDEA4 has the best both HV and IGD+ performance profile in general, although GDE4-II was also competitive on
most problems.
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