
 
 

University of Birmingham

Robust optimization over time: problem difficulties
and benchmark problems
Fu, Haobo; Sendhoff, Bernard; Tang, Ke; Yao, Xin

DOI:
10.1109/TEVC.2014.2377125

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Fu, H, Sendhoff, B, Tang, K & Yao, X 2015, 'Robust optimization over time: problem difficulties and benchmark
problems', IEEE Transactions on Evolutionary Computation, vol. 19, no. 5, pp. 731-745.
https://doi.org/10.1109/TEVC.2014.2377125

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository : checked 24/11/2015

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. May. 2023

https://doi.org/10.1109/TEVC.2014.2377125
https://doi.org/10.1109/TEVC.2014.2377125
https://birmingham.elsevierpure.com/en/publications/7264b281-d318-465c-9d1a-c404b1efdf60


IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 19, NO. 5, OCTOBER 2015 731

Robust Optimization Over Time: Problem
Difficulties and Benchmark Problems

Haobo Fu, Bernhard Sendhoff, Senior Member, IEEE, Ke Tang, Senior Member, IEEE,
and Xin Yao Fellow, IEEE

Abstract—The focus of most research in evolutionary dynamic
optimization has been tracking moving optimum (TMO). Yet,
TMO does not capture all the characteristics of real-world
dynamic optimization problems (DOPs), especially in situations
where a solution’s future fitness has to be considered. To account
for a solution’s future fitness explicitly, we propose to find
robust solutions to DOPs, which are formulated as the robust
optimization over time (ROOT) problem. In this paper we ana-
lyze two robustness definitions in ROOT and then develop two
types of benchmark problems for the two robustness definitions
in ROOT, respectively. The two types of benchmark problems
are motivated by the inappropriateness of existing DOP bench-
marks for the study of ROOT. Additionally, we evaluate four
representative methods from the literature on our proposed
ROOT benchmarks, in order to gain a better understanding
of ROOT problems and their relationship to more popular
TMO problems. The experimental results are analyzed, which
show the strengths and weaknesses of different methods in solv-
ing ROOT problems with different dynamics. In particular, the
real challenges of ROOT problems have been revealed for the
first time by the experimental results on our proposed ROOT
benchmarks.

Index Terms—Benchmarking, dynamic optimization
problems (DOPs), evolutionary algorithms (EAs), robust
optimization over time (ROOT).
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I. INTRODUCTION

DYNAMIC optimization problems (DOPs) are optimiza-
tion problems that are changing over time. The change

can happen in the objective fitness function and the number of
design variables, as well as the constraints. The research on
applying evolutionary algorithms (EAs) to DOPs has become
very active [1]–[3]. On the one hand, this is due to the
fact that most real-world optimization problems are inherently
dynamic. On the other hand, EAs are believed to be suitable
methods [1] for solving several DOPs as EAs maintain a pop-
ulation that may potentially be good at adapting to dynamic
environments.

For static optimization problems, usually only one solution,
which is found to be best in terms of fitness for the correspond-
ing objective fitness function among all evaluated solutions, is
determined and implemented1 in practice. However, for DOPs,
the decision maker has to repeatedly implement solutions over
time in a changing environment. Accordingly, DOPs can be
classified following the way the decision maker implements
solutions in a changing environment. So far, the majority of
research on applying EAs to DOPs has been focusing on
one type of DOPs, i.e., tracking moving optimum (TMO)
problems [4]–[8]. For TMO problems, the objective for the
current time is to find an optimum in terms of fitness for
the current environment and then relocate a new optimum in
terms of fitness for the new environment once the environment
changes. Therefore, it is implicitly assumed in TMO that the
decision maker has to determine and implement a new solu-
tion every time the environment changes. The formalization of
TMO problems is justifiable in situations where implementing
a solution, e.g., updating some control variables, can be fin-
ished instantaneously and inexpensively, such as in [9]–[11].
However, in situations where the implementation of a solution
involves human operation [12], resource transportation [13],
etc., which all incur a huge cost, it might be impossible to
implement a new solution every time the environment changes.
In other words, TMO may be an inappropriate formalization
of the corresponding DOP. This is further explained in the
following.

1) A lot of real-world DOPs involve human operation.
Taking practical dynamic vehicle routing problems for
example [12], [14], [15], the environmental states,

1We would like to emphasize the difference between determination of a
solution and implementation of a solution. Determination of a solution is
completed once the algorithm finishes its computation, while implementation
of a solution involves the practical operation of the determined solution.
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e.g., demands from customers, conditions of road, etc.,
vary from day to day. For this kind of DOPs, if we
implement a different solution every day, it will cause
disruptions to the working timetable of staff and may
also confuse the operators as the operators would daily
change their implementations [15]. Therefore, in such
circumstances, it would be more beneficial having a
fixed and good solution implemented and used for a long
time period than implementing a new solution every time
the environment changes, which is done in TMO.

2) In some circumstances, it is desirable to have an already
implemented solution in use as much time as possi-
ble, during which environmental changes may happen,
as long as the solution maintains its feasibility and its
fitness above a certain level. Such circumstances can
be found in aircraft taking-off/landing scheduling prob-
lems [16], [17]. As long as the system performance is
maintained above a certain level, it is preferred to stick to
an already implemented solution/schedule after an envi-
ronmental change. The reason is that any modification
of an already implemented solution will cause unfavor-
able disruptions to the operations in the airport, e.g.,
rescheduling some other aeroplanes. Therefore, in such
circumstances, it is more practical to use a solution that
can maintain its feasibility and its fitness above a thresh-
old as long as possible, starting from the time when it
is first implemented, than to use a solution that is deter-
mined by TMO, i.e., maximizing the fitness only for the
current environment.

In order to account for the two aforementioned situa-
tions where TMO is not a proper formalization of DOPs,
we proposed the idea of finding robust solutions to DOPs,
and the corresponding formalization is referred to as robust
optimization over time (ROOT) [18], [19].

To account for the first aforementioned situation where it
is desirable to use a solution for a long time period, during
which environmental changes occur, we proposed the fol-
lowing robustness definition to quantify the performance of
a solution during a time period [20]. Assuming a solution
x is determined at time t, the corresponding robustness is
defined as

Fa(x, t, T) = 1

T

t+T∫

t

f (x,α(i))di (1)

where x denotes the design variables, i.e., the solution; T is
a user-specified parameter stating for how long a solution is
used; α represents the environmental state that specifies the
fitness function f . The environment state at time i is denoted
as α(i).

To account for the second aforementioned situation where
it is desirable to use a solution for as much time as possible,
as long as the solution maintains its fitness above a predefined
threshold,2 we proposed the following robustness definition to
quantify the amount of time a solution can maintain its fitness

2Only maximization problems are considered in this paper without loss of
generality.

above a user-specified threshold [20]. Assuming a solution x
is determined at time t, we have the corresponding robustness

Fs(x, t, V) =
{

0, if f (x,α(t)) < V
max{l|t ≤ i ≤ t + l : f (x,α(i)) ≥ V}, else

(2)

where V is a user-specified parameter of the fitness threshold.
Assuming that the dynamic environment can be represented

as a sequence of static fitness functions ( f1, f2, . . . , fN) during
a considered time interval [t0, tend), (1) and (2) are reduced to
the discrete forms, respectively, in

Fa(x, t, T) = 1

T

T−1∑
i=0

ft+i(x). (3)

Fs(x, t, V)

=
{

0, if ft(x) < V
1 + max{l|∀i ∈ {t, t + 1, . . . , t + l} : fi(x) ≥ V}, else

(4)

where the fitness function f in either (3) or (4) belongs to the
sequence ( f1, f2, . . . , fN). The two definitions in (3) and (4)
are termed “average fitness” and “survival time” in [20], and
we follow this convention in this paper.

Assuming that the dynamic environment can be represented
as a sequence of static fitness functions ( f1, f2, . . . , fN) dur-
ing a considered time interval [t0, tend), the ROOT problem is
defined as

max
N∑

i=1

F(xi)

s.t. xi is feasible, 1 ≤ i ≤ N (5)

where xi denotes the robust solution determined at time step i
when the dynamic environment is represented as fi. F(xi) is
the robustness of solution xi, and in this paper F is either
average fitness or survival time.3 It should be noted that any
ROOT method is supposed to solve the ROOT problem in an
on-line manner. In other words, a ROOT method starts when
the dynamic environment takes the form of f1 and determines
a solution x1 within a computational budget �e. Then, the
ROOT method will determine a solution x2 within the compu-
tational budget �e after the environment changes from f1 to f2.
The process repeats till the last static fitness function fN .
Also, the computational budget �e should be generally smaller
than the time interval between two successive environmental
changes.

At the current time step t, the objective of ROOT in this
paper is to find a solution that maximizes average fitness or
survival time. In contrast, for TMO problems, the objective at
the current time step t is to find a solution that maximizes
the fitness function ft. Hence, the way the decision maker
determines and implements solutions to ROOT problems is
different from that to TMO problems. A solution implemented
at a certain time step in ROOT can be used for multiple con-
secutive time steps (i.e., it is not necessary to implement a
new solution every time the environment changes as what is

3This means we have two versions of ROOT: one is about maximizing
average fitness, and the other is about maximizing survival time.
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assumed in TMO), due to the definition of average fitness
or survival time. Moreover, it should be noted that for both
robustness definitions in (3) and (4), at the current time step t,
only ft can be exactly evaluated, and a solution’s fitness at
future time steps (i.e., time step t + 1, t + 2, . . .) has to be
predicted either explicitly or implicitly.

In order to evaluate algorithms for ROOT, appropriate
benchmarks are needed. Over the years, researchers have
developed various DOP benchmarks to test an algorithm’s
TMO ability. Since existing DOP benchmarks are essentially
benchmarks that define the dynamic fitness functions (DFFs)
(i.e., a sequence of static fitness functions in the discrete-time
case) for DOPs, those DOP benchmarks could be potentially
used for testing an algorithm’s ROOT ability as well.

There are mainly three categories in existing DOP/DFF
benchmarks. In the first category, the DFF switches among
several fixed fitness functions, e.g., the oscillating fitness
landscape [21] and the dynamic knapsack problem [22].

The second category includes benchmarks that are built
by constructing baseline fitness functions with configurable
parameters and developing dynamics to change those con-
figurable parameters. Typical examples are the moving peaks
benchmark [23], DF1 dynamic benchmark [24], the multiob-
jective dynamic test problem generator [25], the dynamic rota-
tion peak benchmark together with the dynamic composition
benchmark [26], and the dynamic constrained benchmark [5].

Compared to the first two categories, in which the DFF
changes over time, the third category involves benchmarks
where the DFF stays unchanged but a solution x has to
go through a transformation before being evaluated, and the
transformation rule is subject to environmental changes. A rep-
resentative example is the exclusive-or generator for binary
encoded problems [27] and continuous domains [28].

In contrast to the fitness-landscape-oriented DOP bench-
marks in the aforementioned three categories, another seminal
work was developed in [10], where the authors proposed a
DOP benchmark based on general characteristics of real-world
DOPs.

Given so many DOP benchmarks available, it turns out that
it is not sufficient to test an algorithm’s ROOT ability on
existing DOP benchmarks. The reason is that it is generally
difficult to know the absolute best average fitness for existing
DOP benchmarks given a time window T (T > 2). Also, it
is generally difficult to know the absolute best survival time
for existing DOP benchmarks given a fitness threshold V . The
reasons for both difficulties will be explained, respectively, in
later sections of this paper. The lack of knowledge about the
absolute best performance makes the evaluation and compar-
ison of algorithm in terms of ROOT on existing benchmarks
difficult if not impossible.

The rest of this paper is organized as follows. Having
introduced two robustness definitions, i.e., average fitness
and survival time, in ROOT, we explain in Section II the
assumptions in ROOT so that people can understand potential
applications of ROOT better. This is followed by discussing
two primary aspects of difficulties in finding optimal solu-
tions to ROOT in terms of average fitness or survival time. In
Section III, we explain in detail why it is so hard to obtain

the absolute best average fitness and the absolute best sur-
vival time on existing DOP benchmarks. In Section IV, we
develop two new benchmarks by defining two new baseline
fitness functions for maximizing average fitness and maximiz-
ing survival time, respectively. Both baseline fitness functions
are specially designed, which are scalable to any number of
dimensions and computationally efficient. Most importantly,
both baseline fitness functions allow the exact calculation of
the absolute best average fitness and the absolute best survival
time, respectively. The calculations are based on the corre-
sponding theorems proved in this paper. With the absolute
best average fitness and the absolute best survival time avail-
able in the two proposed benchmarks, respectively, we test two
state-of-the-art ROOT methods and two representative TMO
methods on the two proposed ROOT benchmarks in Section V.
Finally, the conclusion is given in Section VI.

II. ROOT

The objective of ROOT is different from that of TMO,
where a solution that maximizes the fitness function ft is
sought at time step t. However, it is easy to understand that
TMO does not necessarily contradict with ROOT as solu-
tions that maximize ft might also maximize average fitness or
survival time depending on how the DFF changes over time.

It is important that implicit assumptions made explicit about
ROOT, so people can understand the potential applications of
ROOT. In the following, we make the least number of assump-
tions about ROOT in the hope that ROOT can be as applicable
as possible.

Firstly, we assume that the dynamic environment, i.e., the
DFF, changes suddenly with constant status between two suc-
cessive changes. This means that the DFF can be represented
as a sequence of static fitness functions during a considered
time interval [t0, tend). The primary reason to assume that the
dynamic environment changes discretely is as follows. It is
natural to divide those types of DOPs where implementing
a solution involves human operation or huge cost into time
windows, during each of which the environment is considered
static, according to the comprehensive survey of real-world
DOPs in [29, Ch. 3]. Also, detecting environmental changes
is considered as a separate task from ROOT.

Secondly, the task of the decision maker in ROOT is to
determine a solution within a computational budget when an
environmental change occurs. The decision maker would then
decide whether to implement the determined solution for the
new environment. In the context of average fitness, the deter-
mined solution will not be implemented until the previously
implemented solution has been used for T time steps. In the
context of survival time, the determined solution will not be
implemented as long as the previously implemented solution
maintains its fitness above the predefined fitness threshold V .

Thirdly, at each time step when the DFF is considered
static, the decision maker should be able to evaluate a num-
ber of solutions and obtain their fitnesses for the static fitness
function at that time step. In other words, ROOT can deal
with black-box DFFs, which means that the analytical form
of DFF can be unavailable and the only requirement is that the



734 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 19, NO. 5, OCTOBER 2015

decision maker can evaluate a solution’s fitness at the current
time step.

Fourthly, a solution’s future fitness4 should be predictable
to some extent. In ROOT, at the current time step, we would
like to find a solution that maximizes average fitness or sur-
vival time, both of which involve a solution’s future fitness.
As we are unable to evaluate a solution’s future fitness at the
current time step, certain prediction techniques are needed,
which will be trained based on historical evaluation informa-
tion. The historical evaluation information consists of a set of
evaluated solutions with their fitnesses at previous time steps,
which is essentially a set of triplets in the form (x, fi(x), i).
(x, fi(x), i) means that solution x has been evaluated at previ-
ous time step i with its fitness for fi being fi(x). Only under
the assumption about predictability in solution’s future fitness,
information gathered in the past is useful to guide the search
in the present in ROOT. Otherwise, the environment is said
to change completely randomly and there is no need to use
historical evaluation information.

Finally, solutions implemented in ROOT are used for a long
time period, during which the environment changes. Therefore,
it is required that the dimensionality of design variables does
not change over time. However, it should be noted that we can
have the constraints for design variables changing over time
in ROOT, although in this paper we only investigate the case
where the solution space5 S stays constant over time. Also, in
this paper, we do not consider the issue of time-linkage [30],
which means that maximizing the sum in (5) is equivalent to
maximizing the corresponding robustness respectively at each
time step.

From the discussion above, we can see that at the cur-
rent time step, in order to find optimal robust solutions in
terms of average fitness or survival time, a solution’s future
fitness needs to be predicted. This imposes two major diffi-
culties in ROOT problems. The first one would be in building
learning models for the prediction task. Given historical eval-
uation information, under our assumptions in ROOT, it is not
straightforward as to how to build such a learning model that
can be used to predict a solution’s future fitness. The second
major difficulty lies in that there is no guarantee that a solu-
tion’s future fitness can be predicted perfectly. In other words,
when we apply EAs to ROOT problems, solutions are evolved
inevitably based on inaccurate average fitness or survival time.
In the following, we discuss in detail difficulties encountered
in ROOT from both perspectives.

A. Difficulties in Predicting Solution’s Future
Fitness in ROOT

The most intuitive way to predict a solution’s future fitness
would be formulating it as a time series prediction problem
and then employing time series prediction models, e.g., the
autoregressive model [31], to predict a solution’s future fit-
ness. However, should the time series data be a solution’s past
fitnesses or models of past fitness functions does not have

4If the current time step is t, a solution’s future fitness means its fitness at
future time step t + i, i ≥ 1.

5The solution space is a set of all candidate solutions.

a confirm answer. Moreover, how to generate the time series
data is not straightforward. For instance, if we decide the time
series data is a series of a solution’s past fitnesses, it may hap-
pen that a solution has not been evaluated at certain previous
time steps, and therefore the solution’s fitness at some previ-
ous time steps cannot be fetched directly from the historical
evaluation information. Finally, given the time series data, the
time series prediction task is itself a hard problem [32].

B. Difficulties in Evolving Population Based on
Inaccurate Information in ROOT

We are interested in applying EAs to ROOT problems. The
metric that is used to differentiate good solutions from bad
ones in EAs plays an important role in optimization process
as it guides the population to converge to good solutions.
For TMO problems, a solution’s future fitness is not con-
sidered, and the corresponding metric is a solution’s current
fitness. In contrast, solutions to ROOT problems are com-
pared based on a solution’s estimated/predicted average fitness
or survival time. Since a solution’s future fitness cannot be
exactly evaluated, the estimated/predicted average fitness or
survival time is inevitably inaccurate or noisy. Evolving solu-
tions based on an inaccurate or noisy metric has long been
studied in evolutionary optimization with noisy fitness func-
tions [2] and surrogate-assisted evolutionary optimization [33].
A major concern with an inaccurate or noisy metric is that it
may lead EAs to converge to a false optimum. This concern
applies to EAs for ROOT problems as well.

III. DIFFICULTIES IN CALCULATING THE ABSOLUTE BEST

AVERAGE FITNESS AND THE ABSOLUTE

BEST SURVIVAL TIME

Existing DOP benchmarks are essentially DFF benchmarks.
Suppose a sequence of static fitness functions of length N,
( f1, f2, . . . , fN), has been generated by a DFF benchmark.
According to the average fitness definition in (3), the abso-
lute best average fitness starting from ft with time window T ,
t + T ≤ N, is

max
{
Fa(x, t, T)|x ∈ S}

(6)

where S denotes the solution space of x. According to the
survival time definition in (4), the absolute best survival time
starting from ft with the fitness threshold V is

max
{
Fs(x, t, V)|x ∈ S}

. (7)

A. Difficulties in Calculating the Absolute
Best Average Fitness

The difficulty to obtain the absolute best average fitness
for existing DFF benchmarks lies in the fact that usually the
function form of Fa(x, t, T) when T ≥ 2 cannot be reduced to
the same form as the corresponding baseline fitness function.
Therefore, the procedure that is used to obtain an optimum of
the corresponding baseline fitness function cannot be used to
obtain an optimum of the average fitness function in (3).

Taking the widely used moving peaks benchmark [23] and
the DF1 dynamic benchmark [24] for example, the baseline
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fitness function in both benchmarks takes a similar form as

ft(x) = i=m
max
i=1

{
hi

t − wi
t ∗ ∣∣∣∣x − ci

t

∣∣∣∣
2

}
(8)

where scalars hi
t, wi

t, and vector ci
t, ci

t = (ci
1, . . . , ci

d), denote
the height, the width and the center of the ith peak function
at time step t; x is the vector of design variables; m is the
total number of peaks, and d is the number of dimensions.
According to the function form in (8) and supposing the solu-
tion space S being the d-dimensional vector space over the real
numbers Rd, it is easy to infer that an optimal solution for the
baseline fitness function in (8) is c j∗

t with its fitness taking the
value h j∗

t where j∗ = arg maxi hi
t, 1 ≤ i ≤ m. When we use the

baseline fitness function in (8) to generate the DFF, the func-
tion form of average fitness, Fa(x, t, T), becomes (supposing
T = 2)

1

2

(
i=m
max
i=1

{
hi

t − wi
t ∗ ∣∣∣∣x − ci

t

∣∣∣∣
2

}

+ i=m
max
i=1

{
hi

t+1 − wi
t+1 ∗ ∣∣∣∣x − ci

t+1

∣∣∣∣
2

})
. (9)

It is easy to verify that we are now unable to use the same
inference technique to obtain the absolute best average fitness
(T ≥ 2). The reason is that the function form of average fitness
in (9) cannot be reduced to the same form as the baseline
fitness function in (8).

A natural attempt to find the absolute best average fitness for
DFFs generated using the baseline fitness function in (8) would
be to set the derivative of the function of average fitness to zero
and then obtain the stationary points. However, the analytical
solutions of stationary points are not available because of the
function form in (9).

Although we illustrate the difficulty in calculating the
absolute best average fitness using two existing DFF
benchmarks, we argue that for most existing DFF bench-
marks [23], [24], [26], the same difficulty in calculating the
absolute best average fitness applies. However, there exists one
DFF benchmark [25] where the function form of average fit-
ness can be reduced to the form of the corresponding baseline
fitness function, and therefore it is capable to calculate the
absolute best average fitness just as calculating the optimal
fitness for the baseline fitness function in [25]. Nonetheless,
we would like to contribute a new benchmark for maximizing
average fitness in ROOT. This is partly because, for the DFF
benchmark in [25], all possible optimal solutions of average
fitness are confined within a fixed Pareto set. The reason is that
the DFF is generated in [25] by aggregating different objects
of a fixed multiobjective optimization problem and changing
the aggregating weights.

B. Difficulties in Calculating the Absolute
Best Survival Time

The difficulty in calculating the absolute best sur-
vival time in (7) originates from the difficulty associ-
ated with general nonlinear arithmetic constraint satisfaction
problems (CSPs) [34]. Given a sequence of static fitness func-
tions ( f1, f2, . . . , fN), the problem of calculating the absolute
best survival time starting from ft is equivalent to the problem

of finding the maximal number that the variable l can take
for which there exists a solution x∗, x∗ ∈ S, satisfying the
following array of arithmetic constraints simultaneously:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ft (x∗) ≥ V

ft+1 (x∗) ≥ V
...

ft+l (x∗) ≥ V.

(10)

The problem of answering whether there exists a solu-
tion x∗ ∈ S that satisfies all the constraints in (10) for
a fixed l, l ≥ 0, is one type of CSPs. Therefore, being
able to solve the corresponding CSP is a necessary condi-
tion of calculating the absolute best survival time. Supposing
we can solve the corresponding CSP successfully, we can
obtain the absolute best survival time, starting from any fit-
ness function ft, 1 ≤ t ≤ N, in the sequence ( f1, f2, . . . , fN),
by separately solving a number of corresponding CSPs with l
being 1, 2, . . . , N − t.

As stated in [34], solving arbitrary nonlinear arithmetic
CSPs over the real numbers is undecidable. This means if
ft+i, 0 ≤ i ≤ l, is an arbitrary nonlinear function of x, it
is impossible to construct a single algorithm that will always
lead to a yes/no answer as to whether there exists a solution
x∗ simultaneously satisfying all the constraints in (10). If ft+i,
0 ≤ i ≤ l, is a linear function of x, the corresponding CSP
in (10) is reduced to a linear programming problem and can
be solved in polynomial time. Also, if both the baseline fitness
function ft+i, 0 ≤ i ≤ l, and the solution space S are convex,
the corresponding CSP can be solved satisfactorily [35].

Based on the above discussion, we can see that in order
to employ a general CSP solver to solve the CSP with a
fixed l in (10), the baseline fitness function ft is required
to be either linear or convex together with a convex solu-
tion space S. Alternatively, we can require the baseline fitness
function to take a specific form (more complexed than linear
and convex) based on which we can calculate the absolute best
survival time. We take the latter way in this paper to develop
a new baseline fitness function (i.e., a new baseline fitness
function for a new benchmark) for the study of maximizing
survival time in ROOT. The reason is that the requirement
of the baseline fitness function being linear or convex is too
strong that may only represent a small portion of real-world
problems.

IV. TUNABLE BENCHMARK PROBLEMS FOR ROOT

In this section, we describe in detail the construction of
two benchmark problems for ROOT. The first benchmark is
used specially for maximizing average fitness in ROOT, and
the other is used specially for maximizing survival time in
ROOT. It is worth noting that, although we use loosely the
term of “two benchmark problems,” it actually includes many
different benchmark instances given different dynamics for the
corresponding baseline fitness function. Two here should be
regarded as two types of baseline fitness functions.

The two benchmarks are developed by first developing
respectively two baseline fitness functions with configurable
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Fig. 1. One fitness landscape example with five peaks along each dimension
generated by the baseline fitness function in RMPB-I.

parameters. After that, we suggest some desired dynamics that
are used to change the configurable parameters in our baseline
fitness functions to produce DFFs. We prove two lemmas and
one theorem based on which the absolute best average fitness
is calculated for DFFs generated from the first baseline fitness
function. Another two lemmas and one theorem are proved
with regard to calculating the absolute best survival time for
DFFs generated from the second baseline fitness function.

Since the two proposed ROOT benchmarks have the “peak”
characteristic as defined in the moving peaks benchmark [23]
and aim at testing an algorithm’s ROOT ability (in terms
of maximizing average fitness and survival time, respec-
tively), we term the two benchmarks robust moving peaks
benchmark (RMPB). The benchmark for maximizing aver-
age fitness is denoted as RMPB-I, and the benchmark for
maximizing survival time is denoted as RMPB-II.

A. Baseline Fitness Functions

The baseline fitness function in RMPB-I for maximizing
average fitness in ROOT is

f a
t (x) = 1

d

d∑
j=1

i=m
max
i=1

{
hij

t − wij
t ∗

∣∣∣xj − cij
t

∣∣∣
}

(11)

and the baseline fitness function in RMPB-II for maximizing
survival time in ROOT is

f s
t (x) =

j=d
min
j=1

{
i=m
max
i=1

{
hij

t − wij
t ∗

∣∣∣xj − cij
t

∣∣∣
}}

(12)

where, in both baseline fitness functions, scalars hij
t , wij

t , and
cij

t denote the height, the width, and the center of the ith
peak function for the jth dimension at time step t. The ith
peak function for the jth dimension in both baseline fitness
functions takes the same form: hij

t − wij
t ∗ |xj − cij

t |. The only
difference between f a

t and f s
t is that f a

t is the average over
all dimensions while f s

t takes the minimal value among all
dimensions. x represents the design variables with d dimen-
sions (x = (x1, . . . , xd)), and m is the number of peaks along
each dimension. Without loss of generality, we set the solu-
tion space S as the constrained d-dimensional vector space
[a, b]d where a and b are two real numbers. Also, we require
that each wij

t takes positive values and each cij
t belongs to the

interval [a, b].

Fig. 2. One fitness landscape example with 20 peaks along each dimension
generated by the baseline fitness function in RMPB-I.

Fig. 3. One fitness landscape example with five peaks along each dimension
generated by the baseline fitness function in RMPB-II.

The construction of the two baseline fitness functions is
motivated as follows. On the one hand, we would like both
baseline fitness functions to be multimodal, scalable to any
number of dimensions, and computationally efficient. More
importantly on the other hand, we should be able to calcu-
late the absolute best average fitness in DFFs generated using
the first baseline fitness function and the absolute best survival
time in DFFs generated using the second baseline fitness func-
tion. However, we would like to mention that the two baseline
fitness functions are developed not to represent any specific
real-world situation but to provide proper platforms for the
study of ROOT problems.

We generate two examples of fitness landscape using the
baseline fitness function in (11) in Figs. 1 and 2. We generate
another two examples of fitness landscape using the baseline
fitness function in (12) in Figs. 3 and 4. In Figs. 1 and 3,
we have 5 peaks along each dimension (2-D solution space),
and we generate the landscapes randomly with each height
ranging from 30 to 70, each width ranging from 1 to 13, and
each center ranging from −25 to 25. The same rule is applied
to Figs. 2 and 4 except that we set m, i.e., the number of
peaks along each dimension, to 20. We can see that the fitness
landscape in Fig. 2 is more rugged than that in Fig. 1, and so
is the fitness landscape in Fig. 4 than that in Fig. 3.

B. Dynamics for the Baseline Fitness Functions

We do not restrict the types of dynamics that are applied

to the configure parameters, i.e., height hij
t , width wij

t , and
center cij

t , in the two baseline fitness functions to generate
DFFs. In other words, users can define their own dynamics
for their study of ROOT problems using the two baseline
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Fig. 4. One fitness landscape example with 20 peaks along each dimension
generated by the baseline fitness function in RMPB-II.

fitness functions. However, we suggest the following 6 types
of dynamics that have been developed in CEC09 dynamic opti-
mization competition [26]. The six different types of dynamics
cover common dynamics found in real-world DFFs, which are
described as follows.

1) Small Step

�φ = γ ∗ ||φ|| ∗ r ∗ φseverity. (13)

2) Large Step

�φ = ||φ|| ∗ (γ ∗ sign(r) + (γmax − γ ) ∗ r) ∗ φseverity.

(14)

3) Random

�φ = N (0, 1) ∗ φseverity. (15)

4) Chaotic

φt+1 = φmin + A ∗ (φt − φmin) ∗ (1 − (φt − φmin)/||φ||).
(16)

5) Recurrent

φt = φmin + ||φ|| ∗
(

sin

(
2π

P
t + ϕ

)
+ 1

) /
2. (17)

6) Recurrent With Noise

φt = φmin + ||φ|| ∗
(

sin

(
2π

P
t + ϕ

)
+ 1

) /
2

+ N (0, 1) ∗ noiseseverity (18)

where φ represents a configurable parameter in DFFs. φt is
the value of φ at time step t, and �φ denotes the change
in φ between two consecutive time steps: φt+1 = φt + �φ.
φmin, ||φ||, and φseverity denote the minimum value of φ, the
range of φ, and the change severity of φ, respectively. φseverity
basically controls the magnitude of the change in φ between
two consecutive time steps. γ and γmax are constant values,
which are set to 0.04 and 0.1, respectively. A logistic function
is used for the chaotic change: A is a positive constant in the
interval (1, 4). P is the period for the recurrent change and
recurrent with noise change, and ϕ is the initial phase. r is
a random number drawn uniformly from the interval (−1, 1).
sign(r) returns 1 when r is positive, −1 when r is negative,
and 0 otherwise. N (0, 1) is a random number drawn from the
Gaussian distribution with mean 0 and variance 1. noiseseverity
is the noise severity applied to the recurrent with noise change.

The height hij
t and width wij

t in (11) and (12) are updated
using up-mentioned six dynamics. An additional technique
using rotation matrix is employed to rotate the centers
(vector ci

t = (ci1
t , ci2

t , . . . , cid
t ) in (11) and (12)). More specif-

ically, according to [26], the following algorithm is used to
change the center.

1) lr (lr is even) number of dimensions are randomly
selected from the d dimensions resulting a vector
(d1, . . . , dlr ).

2) For each pair of dimension di and dimension di+1
(1 ≤ i ≤ lr − 1), construct a rotation matrix Rt(di, di+1)

that rotates the vector of centers in the plane di − di+1
by an angle θt from the dith axis to the di+1th axis.

3) Since rotation matrices are orthogonal, an overall rota-
tion matrix Rt is obtained via: Rt = Rt(d1, d2) ∗ · · · ∗
Rt(dlr−1, dlr ).

4) The new vector of centers is produced by setting
ci

t+1 = ci
t ∗ Rt.

Moreover, the rotation angle θt is subject to the six different
dynamics. Therefore, every time the DFF changes, the rotation
angle θt is updated first, and the new angle is used to construct
the rotation matrix that eventually changes the position of each
center.

Additionally, we introduce a parameter �e for both RMPB-I
and RMPB-II. �e is measured in the number of fitness evalua-
tions and is used to measure the computational budget for the
decision maker to determine a solution right after an envi-
ronmental change in ROOT problems. It should be noted
that �e should be generally smaller than the frequency of
environmental changes measured in the number of fitness eval-
uations. The reason to introduce �e, instead of a parameter
that controls how frequently the DFF changes, is that usu-
ally a solution has to be found before a certain deadline in
many real-world DOPs (�e is called the deadline parameter
in [29, Ch. 3, p. 67]). The deadline is usually before the next
possible environmental change. In other words, solutions usu-
ally have to be implemented before the next environmental
change happens.

C. Relationship Between the Benchmark Parameters
and ROOT Problem Difficulties

We can tune the difficulties of ROOT problems in the
following aspects. The complexity of the baseline fitness func-
tions can be varied by changing the number of peaks, m, along
each dimension and the number of dimensions. The larger m
is, the more rugged the fitness landscape is, and the more dif-
ficult it is for EAs to find a good solution to ROOT problems.
In addition, we can vary ROOT problem difficulties by tuning
the parameter �e as �e controls the number of fitness eval-
uations for EAs to determine a solution at a time step. Also,
different dynamics in the DFF should have an influence on the
performance of methods for ROOT problems.

D. Calculating the Absolute Best Average
Fitness in RMPB-I

In this subsection, we prove two lemmas and one theorem
for the purpose of calculating the absolute best average fitness
in (6) for DFFs generated in RMPB-I.
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Suppose a sequence of fitness functions ( f a
1 , f a

2 , f a
3 , . . . , f a

N)

has been generated in RMPB-I. Without loss of generality, we
would like to calculate the following absolute best average
fitness: max{Fa(x, t, T)|x ∈ S}, which starts from f a

t in the
sequence ( f a

1 , f a
2 , f a

3 , . . . , f a
N) (t < N, t + T − 1 ≤ N, and

T ≥ 2). max{Fa(x, t, T)|x ∈ S} takes the form as

max
{
Fa(x, t, T)|x ∈ S} = max

{
1

T

T−1∑
i=0

f a
t+i(x)|x ∈ S

}
. (19)

Firstly, we define the maximal average fitness (MAF) of a
number of fitness functions (g1, g2, . . . , gk) as

MAF(g1, g2, . . . , gk) = max

{
1

k

k∑
i=1

gi(x)|x ∈ S
}

(20)

where gi, 1 ≤ i ≤ k, represents a fitness function of x. All
the fitness functions, i.e., gi, 1 ≤ i ≤ k, share the same
solution space S. By definition, max{Fa(x, t, T)|x ∈ S} =
MAF( f a

t , f a
t+1, . . . , f a

t+T−1). We use peakij
t to denote the ith

peak function for the jth dimension at time step t in (11):
peakij

t = hij
t −wij

t ∗|xj −cij
t |, a ≤ xj ≤ b. We have the following

lemma.
Lemma 1: The MAF of a set of peak functions

{peakikj
t+k|0 ≤ k ≤ T − 1}, i.e., MAF(peaki0j

t , peaki1j
t+1, . . . ,

peakiT−1j
t+T−1), can be achieved when xj takes the value of one

of the centers cikj
t+k, 0 ≤ k ≤ T − 1.

Lemma 1 is proved in the Appendix. From Lemma 1, we
can see that the MAF for a set of peak functions {peakikj

t+k|0 ≤
k ≤ T −1} equals max{ 1

T

∑T−1
k=0 (hikj

t+k −wikj
t+k ∗|xj −cikj

t+k|) | xj ∈
{cikj

t+k|0 ≤ k ≤ T−1}}, which can be calculated by enumerating
all the centers.

We use dim j
t to denote the jth dimensional function at

time step t in (11): dimj
t = maxi=m

i=1 {hij
t − wij

t ∗ |xj − cij
t |},

a ≤ xj ≤ b. We have the following lemma, which is proved
in the Appendix.

Lemma 2: The MAF of a set of dimensional functions
{dimj

t+k|0 ≤ k ≤ T − 1}, i.e., MAF(dimj
t, dimj

t+1, . . . ,

dimj
t+T−1), is equal to max{MAF(peaki0j

t , peaki1j
t+1, . . . ,

peakiT−1j
t+T−1) | 1 ≤ ik ≤ m, 0 ≤ k ≤ T − 1}.

Theorem 1: The MAF of a set of fitness func-
tions { f a

t+k|0 ≤ k ≤ T − 1} is equal to

1/d
∑d

j=1 max{MAF(peaki0j
t , peaki1j

t+1, . . . , peakiT−1j
t+T−1) | 1 ≤

ik ≤ m, 0 ≤ k ≤ T − 1}.
Theorem 1 is proved based on Lemma 2 in the Appendix.

Based on Lemma 1 and Theorem 1, we can exactly calculate
MAF( f a

t , f a
t+1, . . . , f a

t+T−1), which is the absolute best average
fitness, i.e., max{Fa(x, t, T)|x ∈ S}, given a sequence of fitness
functions ( f a

1 , f a
2 , . . . , f a

N) generated in RMPB-I.

E. Calculating the Absolute Best Survival
Time in RMPB-II

In this subsection, we prove two lemmas and one theorem
for the purpose of calculating the absolute best survival time
in (7) for DFFs generated in RMPB-II.

Suppose a sequence of fitness functions ( f s
1 , f s

2 , f s
3 , . . . , f s

N)

has been generated in RMPB-II. Without loss of generality,

we would like to calculate the following absolute best survival
time: max{Fs(x, t, V)|x ∈ S}, which starts from f s

t (1 ≤ t ≤ N)
in the sequence ( f s

1 , f s
2 , f s

3 , . . . , f s
N) with the fitness threshold V .

Firstly, we define the maximal intersection fitness (MIF) of
a number of fitness functions (g1, g2, . . . , gk) as

MIF(g1, g2, . . . , gk) = max

{
i=k
min
i=1

gi(x)|x ∈ S
}

(21)

where gi, 1 ≤ i ≤ k, represents a fitness function of x, and all
the fitness functions, i.e., gi, 1 ≤ i ≤ k, share the same solution
space S. We use peakij

t to denote the ith peak function for the
jth dimension at time step t in (12): peakij

t = hij
t −wij

t ∗|xj−cij
t |,

a ≤ xj ≤ b. It is easy to verify that the MIF of peaki0j
t and

peaki1j
t+1, i.e., MIF(peaki0j

t , peaki1j
t+1), is equal to

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

hi0j
t , if hi1j

t+1 − wi1j
t+1 ∗ |ci0j

t − ci1j
t+1| ≥ hi0j

t

hi1j
t+1, elseif hi0j

t − wi0j
t ∗ |ci1j

t+1 − ci0j
t | ≥ hi1j

t+1

w
i0j
t ∗h

i1j
t+1+w

i1 j
t+1∗h

i0j
t −w

i0j
t ∗w

i1 j
t+1∗|ci0j

t −c
i1j
t+1|

w
i0j
t +w

i1 j
t+1

, else.

(22)

For a number of peak functions, we have the following
lemma, which is proved in the Appendix.

Lemma 3: The MIF of a set of peak functions {peakikj
t+k|0 ≤

k ≤ L−1} (L ≥ 2), i.e., MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1),

is equal to min{MIF(peak
ipj
t+p, peak

iqj
t+q)|0 ≤ p < q ≤ L − 1}.

We use dimj
t to denote the jth dimensional function at

time step t in (12): dimj
t = maxi=m

i=1 {hij
t − wij

t ∗ |xj − cij
t |},

a ≤ xj ≤ b. We have the following lemma, which is proved
in the Appendix.

Lemma 4: The MIF of a set of dimensional
functions {dimj

t+k|0 ≤ k ≤ L − 1} (L ≥ 2),

i.e., MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1), is equal to

max{MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1) | 1 ≤ ik ≤

m, 0 ≤ k ≤ L − 1}.
Theorem 2: The MIF of a set of fitness functions { f s

t+k|0 ≤
k ≤ L − 1} (L ≥ 2), i.e., MIF( f s

t , f s
t+1, . . . , f s

t+L−1), is equal to

mind
j=1{max{MIF(peaki0j

t , peaki1j
t+1, . . . , peakiL−1j

t+L−1) | 1 ≤ ik ≤
m, 0 ≤ k ≤ L − 1}}.

Theorem 2 is proved based on Lemma 4 in the Appendix.
Based on (23), Lemma 3, and Theorem 2, we can exactly
calculate MIF( f s

t , f s
t+1, . . . , f s

t+L−1) for any L number of
consecutive fitness functions in a sequence of fitness func-
tions ( f s

1 , f s
2 , . . . , f s

N) generated in RMPB-II. The absolute
best survival time, max{Fs(x, t, V)|x ∈ S}, starting from f s

t ,
is equal to the largest number that L can take satisfying
MIF( f s

t , f s
t+1, . . . , f s

t+L−1) ≥ V . Therefore, the absolute best
survival time, max{Fs(x, t, V)|x ∈ S}, starting from f s

t , is
equal to{

0, if max
{

f s
t (x)|x ∈ S}

< V
max

{
L|MIF

(
f s
t , f s

t+1, . . . , f s
t+L−1

) ≥ V
}
, else.

(23)

V. BEHAVIOR OF EXISTING METHODS FOR ROOT

In this section, experimental studies are conducted regard-
ing the performance of existing methods on RMPB-I and
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TABLE I
PARAMETER SETTINGS OF THE TEST PROBLEMS

RMPB-II. The purpose is to investigate the strengths and
weaknesses of different methods on ROOT problems with
different dynamics.

A. Experimental Settings

1) Test Problems: We generate six benchmark instances in
RMPB-I by applying the six types of dynamics defined in (13)
and (18) to the first baseline fitness function in (11). In the
meantime, we apply those six types of dynamics to the sec-
ond baseline fitness function in (12) to produce six benchmark
instances in RMPB-II. We refer each of them as TPij, i = 1, 2,
j = 1, 2, . . . , 6, where TPij means the benchmark instance that
is generated by applying the jth dynamic to the ith baseline
fitness function. TP1j, j = 1, 2, . . . , 6, are used for maximizing
average fitness in ROOT, and TP2j, j = 1, 2, . . . , 6, are used
for maximizing survival time in ROOT. For each TPij in this
paper, we generate 200 consecutive fitness functions as fol-
lows. For the first fitness function, we randomly initialize the
heights and the widths in their corresponding ranges, and the
centers are randomly initialized across the solution space. To
generate the next fitness function, we apply the jth dynamic to
the current heights, widths, and rotation angle. The centers of
the next fitness function are obtained by rotating the centers of
the current fitness function using the updated rotation angle.
Whenever the heights, widths, or centers get out of their corre-
sponding ranges, we reset them to their up limits (if larger than
up limits) or low limits (if lower than low limits). Note the fol-
lowing exceptions. For the chaotic change, centers are updated
dimension by dimension using (16) rather than the rotation
technique. For the recurrent change and the recurrent with
noise change, θ is fixed to 2π/P where P is the period, and
the centers are rotated following a fixed direction. A summary
of all test problem parameters is presented in Table I.

2) Methods Investigated for ROOT Problems: We select
four representative methods from the literature to test their
ROOT abilities. The first approach is a simple particle swarm
optimizer (PSO) with a restart strategy, which we will denote
as “RPSO” hereafter. The restart strategy means that the best
solution found in terms of the fitness for the last fitness

function at the last time step is copied into the initial pop-
ulation for the current time step whenever the environment
changes and that all other particles are initialized randomly.
The second approach can be seen as an ideal TMO algo-
rithm, in which each fitness function’s optimum is chosen
as the ROOT solution at each time step. The ideal TMO
approach, denoted as “optimum” hereafter, can be viewed as
the best any TMO approach can do in terms of TMO. The
third and fourth approaches are two latest methods developed
specially for ROOT problems. The third approach is Jin et al.’s
framework [36], denoted as “Jin’s” hereafter. A global radial
basis function network (RBFN) is employed as the surrogate
model to approximate a solution’s previous fitness in Jin’s. For
predicting a solution’s future fitness in Jin’s, the autoregres-
sion (AR) [37] model with order 4 is employed. One estimated
previous fitness and four predicted future fitnesses are used in
the metric6 in Jin’s, the setting of which is reported to have
the best performance in [36]. For more details of Jin’s, read-
ers are referred to [36]. The fourth approach is the method
developed by Fu et al. [20], which we will denote as “Fu’s”
hereafter. The same RBFN and AR models are used in Fu’s
as in Jin’s except that the metrics used for respectively maxi-
mizing average fitness and survival time in Fu’s are different
from the metric in Jin’s. Furthermore, the control parameter
in the metrics in Fu’s is set to 0. For more details of Fu’s,
readers are referred to [20].

For methods RPSO, Jin’s, and Fu’s, they all employ the
same constriction version of PSO [38] as the optimizer. The
swarm population size is 50. The constants c1 and c2 that are
used to bias a particle’s attraction to the local best and the
global best are both set to 2.05, and therefore the constriction
factor χ takes the value 0.729844. The velocity of particles is
constricted within the range [− vmax, vmax]. The value of vmax
is set to the range of the search space, which is 50 in our case.

We believe it is necessary to test TMO methods for the pur-
pose of ROOT. At the current time step, the objective of TMO
is to find a solution maximizing the current fitness function.
In contrast, the objective of ROOT is to find a solution that
maximizes average fitness or survival time. It is easy to note
that a solution’s current fitness does not necessarily contradict
with the solution’s average fitness or survival time. In other
words, whether a TMO method would be successful in finding
robust solutions to ROOT problems largely depends on how
the DFF changes over time, and the question is under what cir-
cumstances will TMO methods be effective or not in solving
ROOT problems. The reason to employ RPSO and “optimum”
methods is that they serve to represent a vast majority of
approaches designed for the purpose of TMO. The ideal TMO
approach, i.e., optimum approach, is selected in the hope that
the effort to enumerate all state-of-the-art TMO approaches
can be saved. Actually, optimum approach is the best any
algorithm can do in terms of TMO. Besides, the reason to
include Jin’s and Fu’s methods is that they are, to the best of
our knowledge, the only two methods that have been designed
specially for ROOT problems.

6The metric is a function that returns a real number for a candidate solution
to quantify the quality of the solution.
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TABLE II
MEAN PERFORMANCE IN (24) OVER 30 RUNS UNDER THE ROBUSTNESS AVERAGE FITNESS WITH DIFFERENT SETTINGS OF TIME WINDOW T

TABLE III
MEAN PERFORMANCE IN (24) OVER 30 RUNS UNDER THE ROBUSTNESS SURVIVAL TIME WITH DIFFERENT SETTINGS OF FITNESS THRESHOLD V

3) Performance Measurement: In ROOT, our objective is
to find solutions whose performances are robust against future
environmental changes. At a particular time step, we are
searching for solutions that are not only good for the current
time step but also for future ones. Therefore, we can evalu-
ate an algorithm’s ROOT ability by evaluating the robustness
(in this paper: average fitness and survival time) of solutions
the algorithm found at each time step given a certain com-
putational budget �e at each time step. For the performance
measurement, a solution’s robustness is calculated using the
true future fitness functions. Nonetheless, it should be noted
that, in practice, we will not implement a new solution every
time the environment changes due to the definition of average
fitness and survival time. The performance measurement of
ROOT used in this paper on a sequence of fitness functions
( f1, f2, . . . fN) is

PerformanceROOT = 1

N

N∑
i=1

F(xi) (24)

where F(xi) is the robustness (either average fitness or survival
time) of the solution xi determined by an algorithm at time
step i.

It should be noted that performance measurement for ROOT
proposed here is dependent on parameter settings, being either
T if average fitness is considered or V if survival time is
investigated. Therefore, in order to compare an algorithm’s
ROOT ability comprehensively, results should be reported
under different settings of T and V .

B. Experimental Results

Thirty independent runs are conducted, and all the results
presented below are for time steps 20–100, i.e., from the 20th
fitness function to the 100th fitness function in the sequence of
TPij, i = 1, 2, j = 1, 2, . . . , 6. The reason is that we require
20 length of time series data available for the prediction of
a solution’s future fitness in Jin’s and Fu’s. This means the
performance measure in (24) is calculated by averaging the

corresponding robustness of the solution determined by the
investigated method at each time step (from time step 20–100).
Since some solution’s survival time defined in (4) can be infin-
ity in certain benchmarks, we reset a solution’s survival time
to be 10 if its survival time is larger than 10.

Results with a “+” or “−” attached in the right hand side
in Tables II and III are significantly better or worse than those
of Fu’s at a 0.05 significance level of Wilcoxon rank sum test.

1) Results for Maximizing Average Fitness: The results of
maximizing average fitness in ROOT are presented in Table II.
We can see that when the time window T takes a small
value, i.e., T = 2, it is generally better to use TMO meth-
ods than methods specially designed for ROOT problems
(i.e., Jin’s and Fu’s). The reason is straightforward as within
a small time window T , previously good solutions tend to
remain good during that time window. However, as the time
window T gets larger (T = 6, 10), the advantage of ROOT
methods (i.e., Jin’s and Fu’s, especially Fu’s) over TMO meth-
ods gradually shows up. Fu’s is significantly better than RPSO
and optimum in almost all cases when T = 6, 10. However,
for some specific dynamics in the DFFs, such as the random
change in TP13 and the recurrent with noise change in TP16,
RPSO and optimum outperform Jin’s and Fu’s. The reason is
that there is large randomness in the change of the DFFs in
TP13 or TP16, and hence it is difficult for prediction meth-
ods in Jin’s and Fu’s to predict a solution’s future fitness
well. As a result, the metric used in Jin’s and Fu’s may be a
poor estimation of a solution’s true robustness, which therefore
degrades the ROOT performance of Jin’s and Fu’s. Finally,
for the comparison between Jin’s and Fu’s, Fu’s outperforms
Jin’s in most cases. The success of Fu’s over Jin’s is primarily
due to the metric in Fu’s, which guides EAs better to con-
verge to good solutions. For more details of Fu’s, readers are
referred to [20].

2) Results for Maximizing Survival Time: The results for
maximizing survival time in ROOT are presented in Table III.
We can see that Fu’s outperforms RPSO and optimum in
most cases except in some cases when the fitness threshold
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(a) (b) (c)

(f)(e)(d)

Fig. 5. Mean performance in (24) with one standard deviation errorbar over 30 runs of investigated methods under the robustness average fitness
with different settings of time window T , in comparison with the corresponding absolute best performance. (a) TP11. (b) TP12. (c) TP13. (d) TP14.
(e) TP15. (f) TP16.

V takes a large value (V = 50). The reason why TMO meth-
ods (i.e., RPSO and optimum) outperform Fu’s in some cases
when V = 50 is that the main difficulty in maximizing survival
time is maximizing a solution’s current fitness above V if V is
set relatively high. In other words, maximizing survival time
in ROOT is approximately equivalent to TMO when the fitness
threshold V is set relatively high. The reason why Fu’s outper-
forms RPSO and optimum in all other cases is that a solution’s
future fitness is considered in Fu’s while TMO methods only
maximize a solution’s current fitness, without any considera-
tion of a solution’s future fitness. For the comparison between
Jin’s and Fu’s, Fu’s outperforms Jin’s in most cases, and the
primary reason is again due to the metric used in Fu’s. For
more details of Fu’s, readers are referred to [20].

3) Gaps Between the Absolute Best and the Results
Obtained by Investigated Methods: In Tables II and III, we
have compared the ROOT performance of investigated meth-
ods on TPij, i = 1, 2, 1 ≤ j ≤ 6. We would also like to
know the gaps between the absolute best performance and the
performance of each investigated method for solving ROOT
problems, based on which we can examine how well existing
methods solve ROOT problems.

We plot the absolute best performance in terms of aver-
age fitness and the corresponding performance of investigated
methods on TP1j under different settings of time window T ,
T = 2, 3, 4, . . . , 10, in Fig. 5. It should be noted that Fu’s
has only been tested on T = 2, 6, 10. Taking Fig. 5(a) for

example, we calculate the absolute best performance in the
following way (taking T = 2 for example). For TP11, we
have already generated a sequence of fitness functions of
length 200: ( f a

1 , f a
2 , . . . , f a

200). We then calculate the absolute
best average fitness in (6) starting from each fitness func-
tion in the sequence ( f a

20, f a
21, . . . , f a

100) based on Theorem 1.
Finally, we average the absolute best average fitness starting
from each fitness function in the sequence ( f a

20, f a
21, . . . , f a

100)

to obtain the absolute best performance for TP11 with T = 2.
Other absolute best performances for TP1j (1 ≤ j ≤ 6), with
T = 2, 3, . . . , 10, are produced in the same way. From Fig. 5,
we can see that there is generally a large gap between the
absolute best performance and the performance of each investi-
gated method. Also, the gap gets larger as T increases. In other
words, the difficulty in maximizing average fitness in ROOT
increases with larger time window T in our experimental
studies.

We plot the absolute best performance in terms of survival
time and the corresponding performance of investigated meth-
ods on TP2j under different settings of fitness threshold V ,
V = 40, 41, 42, . . . , 50, in Fig. 6. It should be noted that
Fu’s has only been tested on V = 40, 45, 50. Taking Fig. 6(a)
for example, we calculate the absolute best performance in
the following way (taking V = 40 for example). For TP21,
we have already generated a sequence of fitness functions of
length 200: ( f s

1 , f s
2 , . . . , f s

200). We then calculate the absolute
best survival time in (7) starting from each fitness function in
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(a) (b) (c)

(f)(e)(d)

Fig. 6. Mean performance in (24) with one standard deviation errorbar over 30 runs of investigated methods under the robustness survival time with
different settings of fitness threshold V , in comparison with the corresponding absolute best performance. (a) TP21. (b) TP22. (c) TP23. (d) TP24.
(e) TP25. (f) TP26.

the sequence ( f s
20, f s

21, . . . , f s
100) based on Theorem 2. Finally,

we average the absolute best survival time starting from each
fitness function in the sequence ( f s

20, f s
21, . . . , f s

100) to obtain
the absolute best performance for TP21 with V = 40. Other
absolute best performances for TP2j (1 ≤ j ≤ 6), with
V = 40, 41, 42, . . . , 50, are produced in the same way. From
Fig. 6, we can see that investigated methods do not perform
well on ROOT problems when maximizing survival time as
there is generally a large gap between the absolute best per-
formance and the performance of each investigated method.
Also, the gap gets larger as V decreases. In other words, the
difficulty in maximizing survival time in ROOT increases as
V gets smaller in our experimental studies.

VI. CONCLUSION

For the past decades, most research in dynamic optimiza-
tion using EAs falls into the category of TMO. Recently, we
proposed a new formulation, i.e., ROOT, which captures prob-
lem characteristics that cannot be captured by TMO. In this
paper, we contribute to ROOT by developing two types of
benchmarks that aim at testing an algorithm’s ROOT abili-
ties in terms of maximizing average fitness and survival time,
respectively.

Our proposed benchmarks (i.e., RMPB-I and RMPB-II) are
easily tunable and computationally efficient. Most importantly,
both benchmarks allow the exact calculation of the abso-
lute best average fitness and the absolute best survival time,

respectively, which are extremely difficult to compute for most
existing DOP benchmarks.

In this paper, we focus on discrete-time ROOT problems
as most real-world DOPs, especially those that can be for-
mulated as ROOT problems, are presented in a discrete-time
manner. The assumptions behind ROOT and the task of ROOT
methods are made explicit, which help to make ROOT as gen-
eral and clear as possible and facilitate any further studies
of ROOT. The task of a ROOT algorithm is to determine
a solution that aims to maximize a corresponding robust-
ness definition (i.e., average fitness or survival time in this
paper) within a computational budget �e after an environ-
mental change occurs. Two major difficulties in solving ROOT
problems are identified in this paper, which, to some extent,
point out what a successful ROOT algorithm is required to
be good at. Finally, several methods from the literature have
been tested on RMPB-I and RMPB-II, which demonstrates
potential strengths and weaknesses of different methods for
ROOT problems with different dynamics. More importantly,
the difficulties of ROOT problems are demonstrated by show-
ing the gaps between the absolute best performances and those
of investigated methods.

Research of ROOT is still in its infancy, and more atten-
tion should be given to ROOT for its practical advantage over
TMO in the future. Firstly, in this paper we have discussed
the single objective ROOT problem, i.e., either maximizing
average fitness or survival time. It would be interesting to
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define and explore multiple objectives for ROOT as many
real-world DOPs are multiobjective in nature. Secondly, more
successful ROOT methods are still needed, which can explic-
itly deal with the two major difficulties in ROOT, i.e., the
difficulty to predict a solution’s future fitness and the diffi-
culty to evolve solutions based on inaccurate information. Only
after being successfully tested on synthetic benchmarks, will
ROOT methods be ready to be applied to real-world ROOT
problems, and our RMPB benchmarks developed in this paper
can server as proper synthetic benchmarks. Finally, investigat-
ing real-world DOPs from the perspective of ROOT would be
very inspiring.

APPENDIX

Proof of Lemma 1

Remember that xj and all the centers cikj
t+k, 0 ≤ k ≤

T − 1, belong to the interval [a, b]. By definition, the MAF
of a set of peak functions {peakikj

t+k|0 ≤ k ≤ T − 1} is

max{1/T
∑T−1

k=0 (hikj
t+k − wikj

t+k ∗ |xj − cikj
t+k|)|xj ∈ [a, b]}. Without

loss of generality, suppose all the centers cikj
t+k, 0 ≤ k ≤ T −1,

are in an ascending order in the list (ci0j
t , ci1j

t+1, . . . , ciT−1j
t+T−1). It

is easy to verify that 1/T
∑T−1

k=0 (hikj
t+k − wikj

t+k ∗ |xj − cikj
t+k|) is

monotonically increasing for the interval [a, ci0j
t ] and mono-

tonically decreasing for the interval [ciT−1j
t+T−1, b]. For any of the

intervals [cik−1j
t+k−1, cikj

t+k], 1 ≤ k ≤ T − 1, either
∑k−1

l=0 wilj
t+l <∑T−1

l=k wilj
t+l is true or

∑k−1
l=0 wilj

t+l ≥ ∑T−1
l=k wilj

t+l is true. This

means 1/T
∑T−1

k=0 (hikj
t+k − wikj

t+k ∗ |xj − cikj
t+k|) is monotonically

either decreasing or increasing in the interval [cik−1j
t+k−1, cikj

t+k].
Therefore, we have that the MAF of a set of peak functions
{peakikj

t+k|0 ≤ k ≤ T − 1} can be achieved when xj takes the

value of one of the centers cikj
t+k, 0 ≤ k ≤ T − 1.

Proof of Lemma 2

By definition, the MAF of a set of dimensional functions
{dimj

t+k|0 ≤ k ≤ T − 1} is max{ 1
T

∑k=T−1
k=0 maxi=m

i=1 {hij
t+k −

wij
t+k ∗ |xj − cij

t+k|} | xj ∈ [a, b]}. Without loss of gen-

erality, suppose MAF(dimj
t, dimj

t+1, . . . , dimj
t+T−1) is

achieved at point x∗
j . As a result, there exists a set of i∗ks,

0 ≤ k ≤ T − 1, such that MAF(dimj
t, dimj

t+1, . . . , dimj
t+T−1)

equals 1
T

∑k=T−1
k=0 (h

i∗k j
t+k − w

i∗k j
t+k ∗ |x∗

j − c
i∗k j
t+k|).

1
T

∑k=T−1
k=0 (h

i∗k j
t+k − w

i∗k j
t+k ∗ |x∗

j − c
i∗k j
t+k|) is no bigger than

MAF(peak
i∗0j
t , peak

i∗1j
t+1, . . . , peak

i∗T−1j
t+T−1), which is no bigger

tn max{MAF(peaki0j
t , peaki1j

t+1, . . . , peakiT−1j
t+T−1) | 1 ≤ ik ≤ m,

0 ≤ k ≤ T − 1}.
On the other hand, without loss of generality, suppose

max{MAF(peaki0j
t , peaki1j

t+1, . . . , peakiT−1j
t+T−1) | 1 ≤ ik ≤ m,

0 ≤ k ≤ T − 1} is obtained on a set of i′ks,

0 ≤ k ≤ T − 1, such that max{MAF(peaki0j
t ,

peaki1j
t+1, . . . , peakiT−1j

t+T−1) | 1 ≤ ik ≤ m, 0 ≤ k ≤ T − 1}
is equal to MAF(peak

i′0j
t , peak

i′1j
t+1, . . . , peak

i′T−1j
t+T−1). By

definition, MAF(peak
i′0j
t , peak

i′1j
t+1, . . . , peak

i′T−1j
t+T−1) is

max{ 1
T

∑k=T−1
k=0 (h

i′kj
t+k − w

i′kj
t+k ∗ |xj − c

i′kj
t+k|) | xj ∈ [a, b]},

which is no bigger than max{ 1
T

∑k=T−1
k=0 maxi=m

i=1 {hij
t+k −

wij
t+k ∗ |xj − cij

t+k|} | xj ∈ [a, b]}, i.e., MAF(dimj
t,

dimj
t+1, . . . , dimj

t+T−1).
Therefore, we have Lemma 2 proved.

Proof of Theorem 1

By definition and arithmetic operation, we have

MAF
(

f a
t , f a

t+1, . . . , f a
t+T−1

)

= 1

d

d∑
j=1

max

{
1

T

T−1∑
k=0

i=m
max
i=1

{
hij

t+k

− wij
t+k ∗

∣∣∣xj − cij
t+k

∣∣∣
}

| xj ∈ [a, b]

}

= 1

d

d∑
j=1

MAF
(

dim j
t , dim j

t+1, . . . , dim j
t+T−1

)
.

Based on Lemma 2, we have
MAF(dimj

t, dimj
t+1, . . . , dimj

t+T−1) equal to max{MAF

(peaki0j
t , peaki1j

t+1, . . . , peakiT−1j
t+T−1) | 1 ≤ ik ≤ m, 0 ≤ k ≤

T − 1}. Therefore, we have Theorem 1 proved.

Proof of Lemma 3

Remember that xj and all the centers cikj
t+k, 0 ≤

k ≤ L − 1, belong to the interval [a, b]. Without
loss of generality, suppose MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) equals

min{MIF(peak
ipj
t+p, peak

iqj
t+q)|0 ≤ p < q ≤ L − 1}, and

that MIF(peak
ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) is achieved at point xp∗q∗ .

Furthermore, suppose that the center of peak
ip∗ j
t+p∗ is no big-

ger than the center of peak
iq∗ j
t+q∗ : c

ip∗ j
t+p∗ ≤ c

iq∗ j
t+q∗ . It is easy to

verify that c
ip∗ j
t+p∗ ≤ xp∗q∗ ≤ c

iq∗ j
t+q∗ .

For any peak function peakilj
t+l in the set

{peakikj
t+k|0 ≤ k ≤ L − 1} whose center is no big-

ger than xp∗q∗ , suppose that MIF(peakilj
t+l, peak

ip∗ j
t+p∗) is

achieved at point xlp∗ , and that MIF(peakilj
t+l, peak

iq∗ j
t+q∗) is

achieved at point xlq∗ . On the one hand, if xp∗q∗ = c
ip∗ j
t+p∗ ,

we have peak
ip∗ j
t+p∗(c

ip∗ j
t+p∗) = MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) ≤

MIF(peakilj
t+l, peak

ip∗ j
t+p∗) ≤ peak

ip∗ j
t+p∗(xlp∗), and hence xp∗q∗ =

xlp∗ = c
ip∗ j
t+p∗ . Therefore, peakilj

t+l(xp∗q∗) = peakilj
t+l(xlp∗) ≥

MIF(peakilj
t+l, peak

ip∗ j
t+p∗) ≥ MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗).

On the other hand, if c
ip∗ j
t+p∗ < xp∗q∗ ≤ c

iq∗ j
t+q∗ , we

have peak
iq∗ j
t+q∗(xp∗q∗) = MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) ≤

MIF(peakilj
t+l, peak

iq∗ j
t+q∗) = peak

iq∗ j
t+q∗(xlq∗). Therefore, xp∗q∗ ≤

xlq∗ ≤ c
iq∗ j
t+q∗ , and hence peakilj

t+l(xp∗q∗) ≥ peakilj
t+l(xlq∗) ≥

MIF(peakilj
t+l, peak

iq∗ j
t+q∗) ≥ MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗). To

sum it all, we have proven, so far in this paragraph, that
peakilj

t+l(xp∗q∗) ≥ MIF(peak
ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) for any peak

function peakilj
t+l in the set {peakikj

t+k|0 ≤ k ≤ L − 1} whose
center is no bigger than xp∗q∗ .
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Following the same proof procedure as above, it is easy
to see that the following statement is true: for any peak
function peakirj

t+r whose center, cirj
t+r, is larger than xp∗q∗ ,

we have peakirj
t+r(xp∗q∗) ≥ MIF(peak

ip∗ j
t+p∗ , peak

iq∗ j
t+q∗). As

a result, we have MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1) ≥

MIF(peak
ip∗ j
t+p∗ , peak

iq∗ j
t+q∗) proved.

On the other hand, peak
ip∗ j
t+p∗ and peak

iq∗ j
t+q∗ are a subset

of all the peak functions {peakikj
t+k|0 ≤ k ≤ L − 1}, and there-

fore MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1) ≤ MIF(peak

ip∗ j
t+p∗ ,

peak
iq∗ j
t+q∗).

Therefore, we have Lemma 3 proved.

Proof of Lemma 4

By definition, MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1)

is max{mink=L−1
k=0 maxi=m

i=1 {hij
t+k − wij

t+k ∗ |xj −
cij

t+k|} | xj ∈ [a, b]}. Without loss of generality, sup-

pose MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1) is achieved

at point x∗
j . As a result, there exists a set of i∗ks,

0 ≤ k ≤ L − 1, such that MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1)

equals mink=L−1
k=0 (h

i∗k j
t+k − w

i∗k j
t+k ∗ |x∗

j − c
i∗k j
t+k|).

mink=L−1
k=0 (h

i∗k j
t+k − w

i∗k j
t+k ∗ |x∗

j − c
i∗k j
t+k|) is no bigger than

MIF(peak
i∗0j
t , peak

i∗1j
t+1, . . . , peak

i∗L−1j
t+L−1), which is no bigger

than max{MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1) | 1 ≤ ik ≤ m,

0 ≤ k ≤ L − 1}.
On the other hand, without loss of generality, suppose

max{MIF(peaki0j
t , peaki1j

t+1, . . . , peakiL−1j
t+L−1) | 1 ≤ ik ≤ m, 0 ≤

k ≤ L−1} is obtained on a set of i′ks, 0 ≤ k ≤ L−1, such that
max{MIF(peaki0j

t , peaki1j
t+1, . . . , peakiL−1j

t+L−1) | 1 ≤ ik ≤ m, 0 ≤
k ≤ L − 1} equals MIF(peak

i′0j
t , peak

i′1j
t+1, . . . , peak

i′L−1j
t+L−1).

By definition, MIF(peak
i′0j
t , peak

i′1j
t+1, . . . , peak

i′L−1j
t+L−1) is

max{mink=L−1
k=0 (h

i′kj
t+k − w

i′kj
t+k ∗ |xj − c

i′kj
t+k|) | xj ∈ [a, b]}, which

is no bigger than max{mink=L−1
k=0 maxi=m

i=1 {hij
t+k − wij

t+k ∗ |xj −
cij

t+k|} | xj ∈ [a, b]}, i.e., MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1).

Therefore, we have Lemma 4 proved.

Proof of Theorem 2

For any dimension j, 1 ≤ j ≤ d, MIF( f s
t , f s

t+1, . . . , f s
t+L−1) ≤

MIF(dimj
t, dimj

t+1, . . . , dimj
t+L−1), since f s

t+k ≤ dimj
t+k, 0 ≤

k ≤ T − 1. Supposing MIF(dimj∗
t , dimj∗

t+1, . . . , dimj∗
t+L−1) =

mind
j=1 MIF(dimj

t, dimj
t+1, . . . , dimj

t+L−1), we have MIF( f s
t ,

f s
t+1, . . . , f s

t+L−1) ≤ MIF(dimj∗
t , dimj∗

t+1, . . . , dimj∗
t+L−1).

On the other hand, suppose for any dimension j,
1 ≤ j ≤ d, MIF(dimj

t, dimj
t+1, . . . , dimj

t+L−1) is

achieved at point x∗
j : MIF(dimj

t, dimj
t+1, . . . , dimj

t+L−1) =
min{dimj

t+i(x
∗
j )|0 ≤ i ≤ L − 1}. By denoting

x∗ = (x∗
1, x∗

2, . . . , x∗
d), we have min{ f s

t+i(x
∗)|0 ≤ i ≤ L − 1} =

MIF(dimj∗
t , dimj∗

t+1, . . . , dimj∗
t+L−1). This means

MIF( f s
t , f s

t+1, . . . , f s
t+L−1) ≥ min{ f s

t+i(x
∗)|0 ≤ i ≤ L − 1} =

MIF(dimj∗
t , dimj∗

t+1, . . . , dimj∗
t+L−1).

Therefore, we have MIF( f s
t , f s

t+1, . . . , f s
t+L−1) equal to

MIF(dimj∗
t , dimj∗

t+1, . . . , dimj∗
t+L−1).

Based on Lemma 4, we have MIF(dimj
t,

dimj
t+1, . . . , dimj

t+L−1) equal to max{MIF(peaki0j
t ,

peaki1j
t+1, . . . , peakiL−1j

t+L−1) | 1 ≤ ik ≤ m, 0 ≤ k ≤ L − 1}.
Therefore, we have Theorem 2 proved.

REFERENCES

[1] J. Branke, Evolutionary Optimization in Dynamic Environments, vol. 3.
Boston, MA, USA: Kluwer, 2002.

[2] Y. Jin and J. Branke, “Evolutionary optimization in uncertain
environments—A survey,” IEEE Trans. Evol. Comput., vol. 9, no. 3,
pp. 303–317, Jun. 2005.

[3] T. T. Nguyen, S. Yang, and J. Branke, “Evolutionary dynamic optimiza-
tion: A survey of the state of the art,” Swarm Evol. Comput., vol. 6,
pp. 1–24, Oct. 2012.

[4] T. Blackwell, J. Branke, and X. Li, “Particle swarms for dynamic opti-
mization problems,” in Swarm Intelligence. Berlin, Germany: Springer,
2008, pp. 193–217.

[5] T. Nguyen and X. Yao, “Benchmarking and solving dynamic con-
strained problems,” in Proc. 2009 IEEE Congr. Evol. Comput. (CEC),
Trondheim, Norway, pp. 690–697.

[6] X. Yu, K. Tang, T. Chen, and X. Yao, “Empirical analysis of evolu-
tionary algorithms with immigrants schemes for dynamic optimization,”
Memetic Comput., vol. 1, no. 1, pp. 3–24, 2009.

[7] S. Yang and C. Li, “A clustering particle swarm optimizer for locating
and tracking multiple optima in dynamic environments,” IEEE Trans.
Evol. Comput., vol. 14, no. 6, pp. 959–974, Dec. 2010.

[8] P. Rohlfshagen and X. Yao, “Dynamic combinatorial optimisation prob-
lems: An analysis of the subset sum problem,” Soft Comput., vol. 15,
no. 9, pp. 1723–1734, 2011.

[9] P. Stroud, “Kalman-extended genetic algorithm for search in nonsta-
tionary environments with noisy fitness evaluations,” IEEE Trans. Evol.
Comput., vol. 5, no. 1, pp. 66–77, Feb. 2001.

[10] R. Ursem, T. Krink, M. Jensen, and Z. Michalewicz, “Analysis and mod-
eling of control tasks in dynamic systems,” IEEE Trans. Evol. Comput.,
vol. 6, no. 4, pp. 378–389, Aug. 2002.

[11] C. Rossi, M. Abderrahim, and J. Díaz, “Tracking moving optima using
Kalman-based predictions,” Evol. Comput., vol. 16, no. 1, pp. 1–30,
2008.

[12] H. Handa, L. Chapman, and X. Yao, “Dynamic salting route optimisa-
tion using evolutionary computation,” in Proc. 2005 IEEE Congr. Evol.
Comput., vol. 1. Edinburgh, U.K., pp. 158–165.

[13] L. T. Bui, Z. Michalewicz, E. Parkinson, and M. B. Abello,
“Adaptation in dynamic environments: A case study in mission plan-
ning,” IEEE Trans. Evol. Comput., vol. 16, no. 2, pp. 190–209,
Apr. 2012.

[14] A. Larsen and O. B. Madsen, “The dynamic vehicle routing prob-
lem,” Ph.D. dissertation, Dept. Transport, Inst. Transport Logist. (ITS),
Tech. Univ. Denmark, Lyngby, Denmark, 2000.

[15] H. Handa, “Fitness function for finding out robust solutions on time-
varying functions,” in Proc. 8th ACM Annu. Conf. Genet. Evol. Comput.,
Seattle, WA, USA, 2006, pp. 1195–1200.

[16] J. A. Atkin, E. K. Burke, J. S. Greenwood, and D. Reeson, “On-line
decision support for take-off runway scheduling with uncertain taxi times
at London Heathrow airport,” J. Sched., vol. 11, no. 5, pp. 323–346,
2008.

[17] D. E. Wilkins, S. F. Smith, L. A. Kramer, T. J. Lee, and
T. W. Rauenbusch, “Airlift mission monitoring and dynamic reschedul-
ing,” Engi. Appl. Artif. Intell., vol. 21, no. 2, pp. 141–155, 2008.

[18] X. Yu, Y. Jin, K. Tang, and X. Yao, “Robust optimization over time—A
new perspective on dynamic optimization problems,” in Proc. 2010 IEEE
Congr. Evol. Comput., Barcelona, Spain, pp. 1–6.

[19] H. Fu, B. Sendhoff, K. Tang, and X. Yao, “Characterizing environmental
changes in robust optimization over time,” in Proc. 2012 IEEE Congr.
Evol. Comput., Brisbane, QLD, Australia, pp. 1–8.

[20] H. Fu, B. Sendhoff, K. Tang, and X. Yao, “Finding robust solutions to
dynamic optimization problems,” in Proc. 16th Eur. Conf. Appl. Evol.
Comput., Vienna, Austria, 2013, pp. 616–625.

[21] H. G. Cobb, “An investigation into the use of hypermutation as an adap-
tive operator in genetic algorithms having continuous, time-dependent
nonstationary environments,” Naval. Res. Lab., Navy Center Appl. Res.
Artif. Intell., Washington, DC, USA, Tech. Rep. 6760, 1990.



FU et al.: ROOT: PROBLEM DIFFICULTIES AND BENCHMARK PROBLEMS 745

[22] J. Lewis, E. Hart, and G. Ritchie, “A comparison of dominance mech-
anisms and simple mutation on non-stationary problems,” in Parallel
Problem Solving from Nature—PPSN V. Berlin, Germany: Springer,
1998, pp. 139–148.

[23] J. Branke, “Memory enhanced evolutionary algorithms for changing
optimization problems,” in Proc. 1999 IEEE Congr. Evol. Comput.,
vol. 3. Washington, DC, USA, pp. 1875–1882.

[24] R. W. Morrison and K. A. De Jong, “A test problem generator for non-
stationary environments,” in Proc. 1999 IEEE Congr. Evol. Comput.,
vol. 3. Washington, DC, USA, pp. 1859–1866.

[25] Y. Jin and B. Sendhoff, “Constructing dynamic optimization test prob-
lems using the multi-objective optimization concept,” in Applications
of Evolutionary Computing. Berlin, Germany: Springer, 2004,
pp. 525–536.

[26] C. Li et al., “Benchmark generator for CEC 2009 competition on
dynamic optimization,” Dept. Comput. Sci., Univ. Leicester, Leicester,
U.K., Univ. Birmingham, Birmingham, U.K., Nanyang Technol. Univ.,
Singapore, Tech. Rep., 2008.

[27] S. Yang, “Non-stationary problem optimization using the primal-dual
genetic algorithm,” in Proc. 2003 IEEE Congr. Evol. Comput., vol. 3.
Canberra, ACT, Australia, pp. 2246–2253.

[28] R. Tinós and S. Yang, “Continuous dynamic problem generators for
evolutionary algorithms,” in Proc. 2007 IEEE Congr. Evol. Comput.,
Singapore, pp. 236–243.

[29] T. T. Nguyen, “Continuous dynamic optimisation using evolutionary
algorithms,” Ph.D. dissertation, School Comput. Sci., Univ. Birmingham,
Birmingham, U.K., 2011.

[30] P. A. N. Bosman, “Learning, anticipation and time-deception in evolu-
tionary online dynamic optimization,” in Proc. 2005 ACM Workshops
Genet. Evol. Comput., Washington, DC, USA, pp. 39–47.

[31] H. Akaike, “Fitting autoregressive models for prediction,” Ann. Inst.
Stat. Math., vol. 21, no. 1, pp. 243–247, 1969.

[32] G. Box and G. Jenkins, Time Series Analysis: Forecasting and Control.
Englewood Cliffs, NJ, USA: Prentice Hall, 1994.

[33] Y. Jin, “A comprehensive survey of fitness approximation in evolutionary
computation,” Soft Comput., vol. 9, no. 1, pp. 3–12, 2005.

[34] S. Ratschan, “Efficient solving of quantified inequality constraints over
the real numbers,” ACM Trans. Comput. Logic (TOCL), vol. 7, no. 4,
pp. 723–748, 2006.

[35] P. Nuzzo, A. Puggelli, S. A. Seshia, and A. Sangiovanni-Vincentelli,
“CalCS: SMT solving for non-linear convex constraints,” in
Proc. 2010 IEEE Form. Methods Comput.-Aided Design (FMCAD),
Lugano, Switzerland, pp. 71–80.

[36] Y. Jin, K. Tang, X. Yu, B. Sendhoff, and X. Yao, “A framework for
finding robust optimal solutions over time,” Memetic Comput., vol. 5,
no. 1, pp. 3–18, 2013.

[37] G. E. P. Box, G. M. Jenkins, and G. C. Reinsel, Time Series Analysis:
Forecasting and Control, 3rd ed. Upper Saddle River, NJ, USA:
Prentice Hall, 1994.

[38] M. Clerc and J. Kennedy, “The particle swarm—Explosion, stability,
and convergence in a multidimensional complex space,” IEEE Trans.
Evol. Comput., vol. 6, no. 1, pp. 58–73, Feb. 2002.

Haobo Fu received the Ph.D. degree in com-
puter science from University of Birmingham,
Birmingham, U.K., in 2014.

Since 2014 he has been a Research and
Development Software Engineer with the Big Data
Laboratory, Baidu, Inc., Beijing, China. His research
interests include evolutionary dynamic optimization
and machine learning. He has published several
papers on evolutionary dynamic optimization, espe-
cially about finding robust solutions in dynamic
environments.

Dr. Fu received the Full Ph.D. Scholarship from Honda Research Institute
Europe and the 2012 IEEE Computational Intelligence Society Students Travel
Grants.

Bernhard Sendhoff (SM’05) received the Ph.D.
degree in applied physics from Ruhr-Universität
Bochum, Bochum, Germany, in 1998.

From 1999 to 2002 he was with Honda Research
and Development Europe GmbH, Offenbach,
Germany, and since 2003 he has been with
the Honda Research Institute Europe GmbH.
Since 2007 and 2008 he has been an Honorary
Professor with the School of Computer Science,
University of Birmingham, Birmingham, U.K., and
the Technical University of Darmstadt, Darmstadt,

Germany, respectively. Since 2011 he has been the President of Honda
Research Institute Europe GmbH. His research interests include methods
from computational intelligence and their applications in development,
production, and services. He has authored or co-authored over 150 scientific
papers and over 30 patents.

Prof. Sendhoff is a Senior Member of ACM.

Ke Tang (M’07–SM’13) received the B.Eng.
degree from Huazhong University of Science and
Technology, Wuhan, China, and the Ph.D. degree
from Nanyang Technological University, Singapore,
in 2002 and 2007, respectively.

Since 2007 he has been with the School of
Computer Science and Technology, University of
Science and Technology of China, Hefei, China,
where he is currently a Professor. His research inter-
ests include computational intelligence, evolutionary
computation, machine learning, and their real-world

applications. He has authored or co-authored over 90 refereed publications.
Dr. Tang is an Associate Editor of IEEE COMPUTATIONAL INTELLIGENCE

MAGAZINE, Computational Optimization and Applications Journal, and
Frontiers of Computer Science Journal.

Xin Yao (F’03) received the B.Sc. in 1982 from
the University of Science and Technology of China
(USTC), M.Sc. in 1985 from North China Institute
of Computing Technologies, and Ph.D. degree in
1990 from USTC.

He is a Chair (Professor) of Computer Science and
the Director of the Centre of Excellence for Research
in Computational Intelligence and Applications,
University of Birmingham, Birmingham, U.K. His
research interests include evolutionary computation,
ensemble learning, and their applications. He has

over 450 refereed publications in international journals and conferences.
He received the 2001 IEEE Donald G. Fink Prize Paper Award, the 2010

IEEE Transactions on Evolutionary Computation Outstanding Paper Award,
the 2010 BT Gordon Radley Award for Best Author of Innovation
(Finalist), the 2011 IEEE Transactions on Neural Networks Outstanding Paper
Award, the Prestigious Royal Society Wolfson Research Merit Award in 2012,
the IEEE Computational Intelligence Society (CIS) Evolutionary Computation
Pioneer Award in 2013, and several other best paper awards. He was the
former Editor-in-Chief of the IEEE TRANSACTIONS ON EVOLUTIONARY

COMPUTATION from 2003 to 2008. He will be the President of the IEEE
Computational Intelligence Society, from 2014 to 2015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


