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Evolutionary multi-objective optimization is one of the most successful areas in the field
of evolutionary computation. Using the hypervolume indicator to guide the search of
evolutionary multi-objective algorithms has become very popular in recent years. We
contribute to the theoretical understanding of these algorithms by carrying out rigorous
runtime analyses. We consider multi-objective variants of the problems OneMax and
LeadingOnes called OneMinMax and LOTZ, respectively, and investigate hypervolume-based
algorithms with population sizes that do not allow coverage of the entire Pareto front.
Our results show that LOTZ is easier to optimize than OneMinMax for hypervolume-based
evolutionary multi-objective algorithms, which is contrary to the results on their single-
objective variants and the well-studied (1 + 1) EA. Furthermore, we study multi-objective
genetic programming using the hypervolume indicator. We show that the classical ORDER

problem is easy to optimize if the population size is large enough to cover the whole
Pareto front and point out situations where a small population size leads to an exponential
optimization time.

© 2014 Published by Elsevier B.V.

1. Introduction

Many real-world applications involve optimization problems with multiple objectives and evolutionary algorithms have
become very popular for handling problems in the area of multi-objective optimization [9,10]. Evolutionary algorithms seem
to be well-suited for these types of problems since, in multi-objective optimization, the goal is to compute a set of solutions
that represent the trade-offs with respect to the given objective functions. Evolutionary multi-objective algorithms aim to
compute a set of such trade-offs by iteratively evolving a population of solutions into a reasonable collection that represents
a good set of trade-offs with respect to the given objective functions.

Hypervolume-based evolutionary algorithms have become very popular in recent years for multi-objective optimiza-
tion [1,4,12,22]. These algorithms work with a fixed population size of @ and try to maximize the volume of space that is
covered by the u objective vectors corresponding to each individual of the population.

Despite their popularity, it is difficult to understand from a theoretical point of view how hypervolume-based evolution-
ary algorithms work. Many studies in recent years have concentrated on the optimal hypervolume distribution for a wide
range of problems, or the cost of computing or approximating the value of the hypervolume indicator for a given set of ©
points [5,6]. These studies tackled the difficult task of determining the configuration of the optimal distribution of the u
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individuals without considering the computational costs to reach this goal. Other studies relate the optimal hypervolume
distribution to the best achievable approximation ratio when using w solutions to cover the Pareto front [3,7].

In this paper, we want to put forward the theoretical understanding of the optimization process of hypervolume-based
evolutionary algorithms. We do this by carrying out rigorous runtime analyses of hypervolume-based evolutionary algo-
rithms and point out, using popular example functions, when and why they are able to achieve an optimal hypervolume
distribution in expected polynomial time. On the other hand, we show that even on very simple problems, hypervolume-
based algorithms can have significant difficulties achieving the optimal configuration if the population size is not set
correctly.

To our knowledge, the only article on the runtime analysis of hypervolume-based algorithms is the article by Brockhoff
et al. [8]. We push forward the runtime analysis of hypervolume-based evolutionary algorithms by studying the algorithm
called (u + 1) SIBEA introduced in [8] in order to extend these initial investigations.

We start by analyzing the OneMinMax problem introduced in [14], which is the multi-objective version of the famous
OneMax problem. We show that as long as u is large enough to cover the entire Pareto front, (u + 1) SIBEA computes
the whole Pareto front in expected polynomial time. Furthermore, we point out that a smaller population size might lead
to plateaus that are hard to leave in polynomial time. In particular, we show that there exists an initial population of size
= 0(4/n) such that the optimization time of (u + 1) SIBEA is exponential with probability very close to 1.

After having investigated OneMinMax, we turn our attention to the multi-objective problem LOTZ introduced in [18].
Extending the investigations of [8], we show that (; + 1) SIBEA optimizes LOTZ in expected polynomial time if 1 < u <n/3.
This shows that LOTZ is easier to optimize than OneMinMax by (u + 1) SIBEA for small .

This paper extends a preliminary conference version [20] by additional investigations into the field of tree-based genetic
programming. Genetic programming has been shown to be a successful approach to evolve syntax trees that solve a given
task [17]. It is frequently used in the area of symbolic regression [13]. We analyze multi-objective genetic programming
algorithms using the hypervolume indicator and consider the multi-objective formulation of the ORDER problem [11,15].
Multi-objective genetic programming algorithms for this problem have already by analyzed with respect to their expected
optimization time in [19]. We show that hypervolume-based multi-objective genetic programming algorithms solve the
ORDER problem efficiently if the population size is large enough. For smaller population size we point out situations leading
to an exponential optimization time.

The outline of the paper is as follows. In Section 2, we introduce the framework that is subject to our investigations.
Section 3, studies the behavior of (i + 1) SIBEA on OneMinMax and these studies are extended to LOTZ in Section 4. Our
results for multi-objective genetic programming using the hypervolume indicator are presented in Section 5. We finish with
some concluding remarks.

2. Preliminaries

Let X be a finite domain. In multi-objective optimization, we work with a vector-valued fitness function f: X — R™
where m € N and the fitness of an element x € X" is given by the vector f(x) = (f1(X),..., fm(X)). Assuming we want to
maximize each function f;, we say f(x) > f(x') if and only if fij(x) > fi(x') for x,x’ € X and all i € {1,...,m}. We say a
solution x dominates a solution x" if f(x) > f(x') and f(x) # f(X).

For a fitness function f: X — R™, we define

P={xeX:fx)<f(¥)= fx) = f(x), V¥ € x}

as the Pareto set of f. We sometimes call a point x € &2 Pareto optimal.

The hypervolume indicator is a set measure that identifies a set of elements in R™ (corresponding to images of elements
in X') with the volume of the dominated portion of the objective space. In particular, given a reference point r € R™, the
hypervolume indicator is defined on a set A C X as

I (A) =A(U[n, A@] x [r2, 2@] x -+ x [rm, fm(a>])

acA

where A(S) denotes the Lebesgue measure of a set S and [rq, f1(a)] x [r2, f2(@)] x -+ x [rm, fm(@)] is the orthotope with r
and f(a) in opposite corners.
We define the extreme points of a problem as

[xez, 3ie(1,....m}: fix) = fi(x), V¥ € X}.

The extreme points are the points in &2 that maximize at least one objective function.

We study variants of (i« + 1) SIBEA algorithm introduced by Brockhoff et al. [8] outlined in Algorithm 1. The algorithm
uses a population of size ; and produces in each generation an offspring by mutation to create an intermediate population
of i + 1 individuals. The new parent population is then obtained in a steady-state fashion by deleting the individual that
results in the smallest loss to the hypervolume indicator. This potential loss (called the contribution of an individual) is
calculated as the difference between the indicator value of the population containing the individual, and the indicator value
of a hypothetical population in which that individual is chosen for deletion.
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