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ABSTRACT

Multi-objective metaheuristics have become popular techniques for dealing with complex optimization
problems composed of a number of conflicting functions. Nowadays, we are in the Big Data era, so meta-
heuristics must be able to solve dynamic problems that may vary over time due to the processing and
analysis of several streaming data sources. As this is a new field, there is a need for software platforms
to solve dynamic multi-objective Big Data optimization problems. In this paper, we present jMetalSP,
which combines the multi-objective optimization features of the jMetal framework with the streaming
facilities of the Apache Spark cluster computing system. Thus, existing state-of-the-art multi-objective
metaheuristics can be easily adapted to deal with dynamic optimization problems that are fed by multiple
streaming data sources. Moreover, these algorithms can take advantage of the parallel computing fea-
tures of Spark. We describe the architecture of jMetalSP and show how it can be used to solve a dynamic
bi-objective instance of the Traveling Salesman Problem (TSP) based on New York City’s real-time traffic
data. We have also carried out an experimental study to assess the performance of the resultant jMetalSP
application in a Hadoop cluster composed of 100 nodes.

1. Introduction

We are immersed in the era of Big Data, where applications must
manage and analyze huge amounts of data that cannot be processed
with traditional technologies. The volume of data is not the only
feature of the data managed or analyzed in Big Data applications,
since they also have to deal with a variety of heterogeneous data
sources, most of them in streaming, and often delivering data at
a great velocity. These data must also be validated and analyzed
to produce a significant value to the end user [1]. These features
comprise the so-called V’s of Big Data: volume, velocity, variety,
variability, veracity and value [2].

In this context, evolutionary algorithms and metaheuristics in
general will play an important role in solving Big Data optimization
problems. If we focus on multi-objective problems, i.e., those hav-
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ing two or more conflicting objectives, they can be found in many
disciplines such as transportation, economics, medicine and bioin-
formatics, so Big Data variants of these problems will be common
in the near future. For this reason, a key challenge nowadays is to
adapt current metaheuristics to cope with Big Data optimization
[3]. The ideal therefore is to have powerful tools that allow us to
take advantage of the large amount of research on multi-objective
optimization over the last 15 years, so as to be able to use classicand
modern algorithms in combination with some Big Data platforms,
thereby addressing this new class of optimization problems.

Another important issue is that some real-world multi-objective
problems involve objectives, constraints, and parameters that can
change over time. These problems are referred to as dynamic multi-
objective optimization problems [4]. They are related to Big Data
optimization as they can change due to data received continuously
from different data sources.

The purpose of this paper is to present jMetalSP, a software
platform for dynamic multi-objective Big Data optimization, which
combines the features of the jMetal framework [5]| for multi-
objective optimization metaheuristics with the Apache Spark
cluster computing system [6]. As the main requirements of our
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proposal, we have defined a series of features that jMetalSP should
have:

e The framework must define and solve dynamic Big Data opti-
mization problems in Hadoop/Spark clusters.

e The algorithms developed in jMetalSP must be easily adaptable
to solve dynamic multi-objective optimization problems.

e The applications developed with jMetalSP must be able to include
a number of different data sources by taking advantage of the
streaming features of Spark.

¢ The framework must be easy to use, by hiding low level details as
much as possible and simplifying the incorporation of different
data sources.

e jMetalSP is an open source project,' so any interested researcher
can use it freely. Furthermore, the feedback from users of the
framework will help to improve and evolve it.

With the aim of testing jMetalSP, we have generated a realistic
use case based on the application of a multi-objective metaheuristic
(NSGA-II [7]) to solve the dynamic bi-objective Traveling Sales-
man Problem (TSP) [8]. This is a classical academic problem to
which we have incorporated a combination of real nodes (street
geo-locations) and real traffic data from the city of New York,
together with simulated data that mimics streaming sources taken
from Twitter API? and Apache Kafka.? A series of experiments and
comparisons have been conducted on a Hadoop cluster in order
to check the behavior of jMetalSP in terms of both computational
performance and solution quality.

This paper is an extension of the work in Cordero et al. [9], where
a very preliminary version of the architecture of jMetalSP was pre-
sented. Here the architecture is defined in more detail (see Section
4), including all the software components and how they are related.
The target problem, the dynamic bi-objective TSP, was formulated
in previous work with one data source and tested on a single com-
puter whereas in the current work we use three data sources and
the performance of the system is evaluated on a Hadoop cluster
composed of 100 nodes. Another novelty is the inclusion of a new
algorithm, MOCell [10], in addition to NSGA-II (see Section 6.4).
This allows us to compare these two techniques in the scope of the
same computational and data environment.

The remainder of this paper is organized as follows. Section 2
contains background concepts and related work. Sections 3 and 4
present the different software components and the architecture of
jMetalSP, respectively. The case study for validation is presented
in Section 5. Section 6 describes the experiments and analyses. A
series of additional features of jMetalSP are included in Section 7.
Finally, conclusions and future work are given in Section 8.

2. Background concepts and related work

A Multi-objective Optimization Problem (MOP) is character-
ized by having to minimize/maximize two or more functions or
objectives which are in conflict with each other. This means that
improving one objective implies a worsening in the others, so it is
not usually a single solution for a MOP but rather a set of solutions
known as a Pareto Optimal set (or simply Pareto set). As this set is
optimal, there is no other solution capable of improving any of the
solutions in the set in any of the objectives. The representation of
the Pareto set in the objective space is the Pareto front, which, in
general, is presented as a graph so that the problem expert, i.e., the
decision maker, can choose the best trade-off solution.

1 jMetalSP project in GitHub: https://github.com/jMetal/jMetalSP.
2 Available from URL https://dev.twitter.com/overview/api.
3 Available at URL http://kafka.apache.org/.

Over the last 15 years, metaheuristics [11] have proven to
be effective methods for solving MOPs. A subfamily of them in
particular, the evolutionary algorithms, are now widely used to
effectively solve real world MOPs [12]. A key reason for the
popularity of these algorithms is the availability of software
frameworks that have helped implement and use state-of-the-art
multi-objective metaheuristics; some examples are jMetal [5], PISA
[13], or Paradiseo-MOEO [14].

Most research on multi-objective optimization assumes that the
MOPs are immutable or static, in the sense that they do not change
during the optimization process. However, in some real-world sce-
narios the objective functions or the search space can vary over time
[4], leading to dynamic MOPs that require dynamic algorithms to
solve them.

According to [4], four kinds of DMOPs can be characterized:

e Type I: the Pareto Set changes, i.e., the set of all the optimal
decision variables changes, whereas the Pareto front remains the
same.

e Type II: Both Pareto set and Pareto Front change.

e Type III: Pareto set does not change, whereas Pareto front
changes.

e Type IV: Neither the Pareto set nor the Pareto front change,
although the problem can change.

In the context of Big Data optimization, the origin of changes in
the structure of a given problem is data coming in streaming from
different sources, such as files appearing in certain directory/ies,
socket connections, Web services, Twitter flows and Kafka streams.
This implies that not only dynamic multi-objective metaheuris-
tics must be applied to solve these problems, but also different
processing methods must be used to manage all the streaming
data sources. This issue is even harder when dealing with Big Data
environments, where a huge volume of heterogeneous data has to
be accurately and quickly managed. Consequently, it may require
the capability of parallel processing, preferably transparently and
straightforwardly.

In the last few years, a number of approaches consisting in
adapting metaheuristic techniques to work in parallel on Hadoop
ecosystems have been proposed. These proposals are related to
data mining or data management applications, such as a swarm
intelligence method to optimize the feature selection in Big gene
expression datasets [15], data partitioning in Big Databases [16],
dimension reduction in Big Data analytics [17], pattern detection
with Artificial Immune Algorithms [ 18], a parallel MapReduce evo-
lutionary algorithm for graph inference [19], and a parallel artificial
ant colony optimization for task scheduling in clusters environ-
ments [20]. Most of these approaches are based on the MapReduce
programming model [21]. However, MapReduce entails a series of
disadvantages that make it unsuitable to be properly integrated
in global optimization techniques in general, and metaheuristics
in particular. These drawbacks are mostly related to: high latency
queries, non-iterative programming model, and weak real-time
processing. Therefore, new challenging approaches are demanded
to integrate Big Data based technologies with global optimization
algorithms in order address all these issues.

Surprisingly, in terms of dynamic optimization, there is still a
lack (to the best of our knowledge) of applied algorithms to the
optimization of problems in real-time updating Big Data environ-
ments, which is a crucial feature in those applications in which high
velocity and variety of incoming data have to be properly managed.

In this paper, we propose a framework that combines jMetal
with Apache Spark, thereby addressing dynamic Big Data opti-
mization problems in an almost transparent way, hence avoiding
the intrinsic shortcomings of the usual MapReduce model when
applied to global optimization. In successfully meeting this con-
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crete objective, we will show the feasibility of a new software
framework for Big Data Analytics which will be able to cope with
scaling and dynamic optimization techniques. In addition, we gen-
erate adynamic multi-objective algorithm to optimize a real-world
bi-objective TSP instance in a changing traffic environment, by
managing the ingestion of multiple data sources, in order to benefit
from them.

3. jMetalSP: software components

jMetalSP is a software that has two components: First, the
jMetal multi-objective optimization framework, which provides
the optimization infrastructure for implementing both the Big Data
problems and the dynamic metaheuristics to solve them; second,
the Apache Spark parallel computing system, which is used to man-
age the streaming data sources, enabling the computing power
of Hadoop clusters to be effectively used when processing large
amounts of data. Spark also allows storing and retrieving data
to/from the HDFS file system. The main features of these two com-
ponents are described in the following subsections.

3.1. jMetal

jMetal is a Java-based open-source framework for multi-
objective optimization with metaheuristics [5]. It started life as
part of project begun in 2006 with the objective to design a tool to
assist in multi-objective optimization research by a research group
at the University of Malaga. It was made publicly available in 2008
at SourceForge® and since then, it has become a popular tool in
the field. Some reasons for this are its object-oriented architecture,
which makes it easy to understand and use, together with the inclu-
sion of many multi-objective algorithms of the state-of-the-art, as
well as most of the benchmark problems that are used in many
studies.

The framework was completely re-designed in 2015, and it was
moved to GitHub, the full project being available at https://github.
com/jMetal/jMetal. This version, jMetal 5, has many improvements
over previous releases, including a new architecture, an improved
solution representation scheme, an intensive use of Java generics
to avoid many run-time errors, and a set of algorithm templates to
foster code reusing and testing [22].

The architecture of jMetal 5 is generic enough to allow much
needed flexibility to implement any metaheuristic, but most of the
algorithms belong to well-established subfamilies, such as evolu-
tionary algorithms, particle swarm optimization and scatter search
to name but a few. These subfamilies are characterized by a com-
mon behavior that is shared by all the algorithms belonging to
them. jMetal 5 provides a number of algorithm templates that
include the behavior of a base metaheuristic subfamily, so devel-
oping a particular algorithm only requires implementing some
specific methods. An example is shown in Algorithm 1, which rep-
resents evolutionary algorithms.

Algorithm 1. Pseudo-code of an evolutionary algorithm.

P(0) < GeneratelnitialSolutions()

t<—0

Evaluate(P(0))

while not StoppingCriterion() do
Q(t) «— Variation(P(t))
Evaluate(Q(t))
P(t+1) «— Update(P(t), Q(t))
t<—t+1

end while

OO~ U A WN =

4 http://jmetal.sourceforge.net.
5 http://jmetal.github.io/jMetal/.

jMetal’s evolutionary algorithm template closely mimics this
pseudo-code, which is used to implement popular multi-objective
techniques, such as NSGA-II [7], SPEA2 [23] or SMS-EMOA [24].

Using algorithm templates fosters code reusability (e.g., to
implement an algorithm variant only those methods differing from
the base algorithm have to be written). This feature is exploited
by jMetalSP to facilitate the development of dynamic versions of
multi-objective metaheuristics (see Section 5.1).

3.2. Apache Spark

Apache Spark is a general-purpose distributed computing sys-
tem [G] based on the concept of Resilient Distributed Datasets
(RDDs). RDDs are collections of elements that can be operated in
parallel on the nodes of a cluster by using two types of opera-
tions: transformations (map, filter, union, etc.) and actions (reduce,
collect, count, etc.). Notable features of Spark are: high level paral-
lel processing programming model, machine learning algorithms,
graph processing, multi-programming language API, runs on differ-
ent systems (Hadoop, Mesos, standalone, cluster), and streaming
processing. Spark is becoming highly popular and is replacing
MapReduce as the dominant technology for developing Big Data
applications.

As jMetalSP is intended for Big Data optimization, we are inter-
ested in Spark’s stream processing capabilities; in particular, the
ability to include different data sources (Kafka, Flumme, Twitter,
TCP sockets, files, etc.) and process them in parallel. The basic
abstraction used in Spark is the discretized stream (DStream),
which is a sequence of RDDs. The idea is that input streams are dis-
cretized in small batches, which are then processed by the Spark
engine.

4. jMetalSP architecture

The conceptual architecture of jMetalSP is depicted in Fig. 1. A
jMetalSP application is intended to solve a dynamic optimization
problem with a dynamic algorithm by analyzing multiple stream-
ing data sources, so there will be one or more data consumers that
obtain the results being computed by the algorithm.

The central point of the architecture is the dynamic problem,
which is basically a jMetal problem, but endowed with methods
to:

1. Change some of its components to meet the requirements of the
processing and analysis of the streaming data sources.

2. Allow the dynamic algorithm to detect changes and to react
according to them (for example, by applying a re-start strategy).

The processing of streaming data sources use the Spark features
mentioned in the previous section. This processing involves the
reception of data that appears continuously and must be analyzed.
The analysis is usually a costly operation (e.g., detecting significant
changes in a given context after performing a sentiment analysis
of information from a social network), and it can be carried out
automatically in parallel by the Spark runtime by taking advantage
of the underlying distributed cluster computing system. This can
be based not only on Hadoop, but also on different platforms like
Apache Mesos or the stand-alone mode offered by Spark.

The dynamic algorithm is, as the dynamic problem, a jMetal
algorithm modified to be able of checking the state of the problem
and to react when the changes happen. The dynamic algorithm is
executed in a separate thread, in parallel with the streaming data
source processing entities. Compared with a standard static algo-
rithm, which ends after the stopping criterion has been fulfilled,
the dynamic algorithm runs forever, producing result data (e.g., a
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Fig. 1. Architecture overview of jMetalSP.

Pareto front approximation). These data are intended to be received
by one or more algorithm data consumers. These components can
perform simple tasks, such as merely plotting the fronts, or they can
be complex applications that allow to analyze the output solutions
by a decision maker.

It is worth noting that we are omitting implementation details
to simplify for the sake of a better understanding of the overall
package, but it is worth noting that the actual code is structured
with Java generics to ensure all the components are compatible at
compiling time.

5. Case study: dynamic bi-objective TSP with NSGA-II

To evaluate our proposed architecture we have defined a case
study that combines an academic problem with real-world data.
The chosen problem is a dynamic version of the bi-objective Trav-
eling Salesman Problem (TSP), to minimize the “travel time” and the
“distance” to cover all the points of the instance. The algorithm for
solving it is a dynamic variant of the well-known multi-objective
metaheuristic NSGA-II [7].

Our purpose is twofold: first, we intend to show how jMetalSP
can be used to implement both the algorithm and the problem;
second, we want to carry out a performance study while solving the
problem on a Hadoop cluster composed of 100 cores. The quality of
the obtained Pareto front approximations are not relevant, because,
as we will see later in this section, two of the streaming sources
generate artificial data.

5.1. Dynamic NSGA-II

The strategy followed to implement a dynamic version of NSGA-
Il is to consider the implementation already provided by jMetal 5,
which follows the pseudo-code shownin Section 3.1. Then, we must
focus in those methods that need to be modified or added to allow
the dynamic behavior.

In this regard, we have made two modifications:

¢ Redefine the StoppingCriterion() method: in the standard NSGA-II
algorithm, when the predefined maximum number of evalua-
tions are computed, the algorithm ends. However, in the dynamic
version, the algorithm must notify the algorithm data consumers

that a new Pareto front approximation has been found. Then, the
algorithm is restarted and begins another execution.

e Add afurtherstep atthe end of each iteration: After the evaluation
counter has been updated (Step 8 in Algorithm 1), the algorithm
must check whether the dynamic problem has changed or not
and, if so, a restart have to be carried out.

This approach to develop dynamic algorithms can be easily used
with most of the metaheuristics included in jMetal 5.

5.2. Dynamic bi-objective TSP

A dynamic problem in jMetalSP is simply a jMetal 5 problem but
including a method to make changes in the problem. In the case of
the dynamic bi-objective TSP, which is formulated in terms of a
distance matrix and a time travel matrix, the changes can affect
any of them.

Our particular dynamic TSP problem instance is based on real
data. Specifically, it is defined from the Open Data provided by the
New York City Department of Transportation, which updates traffic
information several times per minute.® The information is provided
as a text file where each line includes the average speed to traverse
the two end points defining a link in the most recent interval.

After processing the links provided by the traffic service (see
detailed information in [9]), the resulting dynamic TSP problem
is composed of 93 locations with 315 communications between
them, which are depicted in Fig. 2. We note that the links are bi-
directional, so the resulting TSP is asymmetric.

5.3. Streaming data sources

In our case study, we use three streaming data sources that are
managed with Spark: directory, Twitter and Kafka. We give some
details in this section.

New York’s traffic data is read periodically by an external appli-
cation that writes a file in a directory, whenever new data are
acquired, so we have implemented a streaming data component
for that purpose. This component reads periodically the new data

6 At the time of writing this paper, the data can be obtained from this URL: http://

207.251.86.229/nyc-links-cams/LinkSpeedQuery.txt.
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Fig. 2. Real dynamic TSP instance: 93 nodes of the city of New York.

appeared in the directory (this is done automatically by Spark)
and makes a simple processing: if a change in a link is detected
(time or distance), then the corresponding problem matrices are
updated.

As commented in Section 4, the analysis of the streaming data
sources can be carried out in parallel by using Spark. In our case, this
processing is very simple and as the external process updates the
directory two or three times per minute, there is no benefit to using
parallelism. Therefore, we have implemented two other streaming
data sources, based on Twitter and Kafka, to look in greater depth
at this issue. In the first one, tweets are read from Twitter with
the topic New York traffic and a processing of each tweet is sim-
ulated and, after that, the problem is updated with some random
value. This way, we combine a different streaming source with the
possibility of adjusting the processing time, which will serve for
performance evaluation purposes (see next section). In the second
one, as is the previous one, the idea to enrich the case study with
another data source that will produce artificial data. Here, we have
created a Kafka message producer, which generates, following uni-
form and normal distributions, a series of random messages with
data to update the problem. Every 5s at least 1000 messages are
produced, but on average about 10,000 messages are created.

Both the Twitter and Kafka streaming source classes have the
same behavior as the directory based one: they iteratively collect
and analyze the data and possibly update the problem.

5.4. Data consumers

The last components of the dynamic TSP case study are the con-
sumers of the data generated by the dynamic metaheuristic.

We have developed two data consumers: ones that stores the
produced Pareto fronts in a directory, and other one that can print
some information about the front (as the number of solutions and
the number of generated fronts).

6. Experiments

In this section, we describe the experimental study undertaken
to evaluate the performance of the dynamic bi-objective TSP appli-
cation developed with jMetalSP. However, first we present the
computational environment and parameter settings.

6.1. Computational environment

We have conducted all the experiments in a virtualization envi-
ronment running on a private high-performance cluster computing
platform. This installation is located at the Ada Byron Research Cen-
ter at the University of Malaga (Spain), and comprises a number of
IBM hosting racks for storage, units of virtualization, server com-
pounds and backup services.
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management.

The physical platform comprises an IBM Chassis BladeCenter
H type and BULL server with a high-performance VMX5300, uni-
fied CPU, memory and storage. It also contains a NovaScale Blade
BL265 only for storage. The virtualization layer supports com-
puting resources through VMWare ESXi (and VMWare vCloud),
storage through IBM SVC (SAN Volume Controller), backup through
Veem Backup and IBM Protectier (virtualization of tapes) and desk-
tops are managed with VMWare Horizon and Virtual Cable UDS.
The general characteristics of this virtualization installation are:
a processor with 256 cores and 578.94 GHz, 2.75TB RAM, 84.41TB
storage space, 10 Gbps LAN network, 1 Gbps internet network, iSCSI
10 Gbps and FC 8 Gbps storage network.

The virtualization platform is hosted in this computing environ-
ment, whose main components are illustrated in Fig. 3. Concretely,
this platform is made up of 10 virtual machines (VM1 to VM10),
each one with 10 cores, 10 GBRAM and 250 GB virtual storage (sum-
ming up 100 cores, 100 GBs of memory and 2.5TB HD storage).
These virtual machines are used as Slave nodes with the role of
TaskTracker (Spark) and DataNode (HDFS) to perform fitness eval-
uations of algorithmic candidate solutions in parallel. The Master
node, which runs the core algorithm (Dynamic NSGA-II), is hosted
in a different machine (VMO) with 8 Intel Core i7 processors at
3.40GHz, 32 GB RAM and 3 TB storage space. All these nodes are
configured with a Linux CentOS 6.6 64-bit distribution.

The whole cluster is managed with Apache Ambari 1.6.1 and
executes the Apache Hadoop version 2.4.0. This Hadoop distribu-
tion integrates Hadoop Distributed File System (HDFS), MapReduce
framework libraries, and Apache Spark v1.6.1.

6.2. Parameter settings

The parameter settings of the dynamic NSGA-II algorithm are
as follows: the population size is 100, the crossover operator is
PMX (applied with a 0.9 probability), the mutation operator is swap
(applied with a probability of 0.2), and the algorithm computes
100,000 function evaluations before writing out the front found
and re-starting. We set the stop condition to 1h, ingesting in this
time an average number of messages per second in the range of
[2000- --20,000].

6.3. Computational performance

We have organized the experiments in to three different tests
according to the way the streaming data is generated and con-

sumed: Uniform Moderate, Uniform Intensive, and Normal Moderate.
Our aim is to stress all the phases of the proposed approach in
order to obtain insights into its actual performance. Therefore, each
experimental test comprises a complete execution from which we
have captured the traces of the Ganglia v3.6.2 monitoring service,’
consisting in: data ingestion metrics, computational effort in terms
of CPU resources (Load_One), and memory usage.

As explained in Section 5.2, in addition to data from Twitter and
NY Traffic Files (which are stored in HDFS), we have incorporated
a Kafka message producer which generates, following uniform and
normal distributions, a series of random messages (4 KBs) with data
to update the problem. Every 5s, the Kafka producer delivers at
least a number of 1000 messages, although computing an aver-
age number of 10,000 messages. Formally, the data production is
formulated as follows:

D(t) = K(t) + T(t) + Fuy(t) (1)

K(t)=® x Q(t), with Q e {U(0, Max), N(i, o)} (2)

where D(t) denotes the set of data produced each time (t) sequence
of 55, K(t) is the message generation procedure of Kafka, which is
calculated according to ®, a constant rate of message generation,
and Q2 € {U, N} is a random number generator that can follow uni-
form or normal distributions. T(t) denotes those messages obtained
from a Twitter source (with queried key word: “New York Traffic”),
and Fyy(t) are the data files in HDFS with information concerning
the traffic in the New York city TSP instance.

6.3.1. Test 1. Uniform moderate

In this test case, ® = 1000 mps (messages per second) and 2=U
is a uniform random generator with an upper limit of Max=100.
This implies a moderate uniform data flow of 50,000 incoming
messages i on average, every 5s for 1h, which adds up to close
on 140 GBs of data managed over the observation time.

Fig. 4 shows a snapshot (15 min) of plots concerning the input
streaming data the dynamic NSGAII consumes in the initial running
steps, on the Hadoop cluster, until it stabilizes. We can observe how
the processing time is high in the initial minutes of execution, as it
is subjected to the scheduling delay required to deploy all running
tasks in the computational framework. In this scenario, the input
data rate is stable, so not excepting some sporadic peaks (see the

7 Ganglia Monitoring System. In URL http://ganglia.info/.
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plot at the bottom of Fig. 4), the optimization algorithm is able to
process the incoming data successfully, hence avoiding additional
system overheads.

In terms of computational effort, we have plotted the Load_one
measure of the entire cluster in Fig. 5, in order to check the over-
all CPU load. In particular, the Load_one computes the number of
threads at kernel level that are running and being queued while
waiting for CPU resources, averaged over the last minute. We could
interpret this number in relation with the number of hardware
threads available on the machine and the time it takes to drain
the run queue. Fig. 5 captures a short time period (close to minute
8:35) in which the master node (Spark driver) delivers tasks to the
slave nodes and they start to undertake data processing jobs.

This short system overload is also reflected in the memory usage
level in Fig. 6, where we can observe how the global memory
consumption scales from 500 GBs to 600 GB from minute 8:35 to
9:10. However, in this period, the use of swap and buffer memories
remain constant, which prevents the system from collapsing. After
this operation, both CPU and memory usage recover their moderate
states and proceed properly. In other words, the dynamic NSGAII's
performance is stable throughout the remaining optimization pro-
cedure.

6.3.2. Test 2. Uniform intensive

In Test 2, we increase the data injection in sources, so that
®=1000mps and 2=U is a Uniform random generator with an
upper limit of Max=1000. This implies a intensive uniform data
flow of 500,000 incoming messages on average, every 5s for 1h,
which adds up to close on 1400 GBs (1.37 TBs) of managed data
over the observation time. Our purpose in this test is to stress the
data processing environment, in order to find the operation limits
of the jMetalSP application.

In this case, as we can observe in Fig. 7, the scheduling delay
scales so that in less than 10 min of execution, the delay is close to
12 min, probably due to buffering operations. The Load_one mea-
sure in Fig. 8 shows an increasing activity in minute 9:40, although
lower than in the previous tests. As expected, the tasks scheduling
step is lengthily delayed, which directly affects the jobs, delivery,
and hence the slave nodes proceed to accept jobs.

This issue is clearly observable in terms of memory usage. As
recorded in Fig. 9, the use of memory scales up to the limit of
600 GBs, therefore causing a hard overload in the computing plat-
form.

With this in mind, we carried out a second round of tests by
decreasing the constant rate of messages to ® = 100 mps, although
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keeping 2 =U and Max = 1000. Interestingly, even though the aver-
age number of managed messages was similar to Test 1 (50,000),
the platform was overloaded. We suspected that the uniform (ran-
dom) generation of messages could produce several consecutive
operations with large amounts of input data, which would provoke
the memory overflow. This behavior led us to set out the third test
as follows.

6.3.3. Test 3. Normal moderate

In Test 3, the input messages follow a normal distribution with
the aim of better balancing the global data ingestion. This way, we
look to find a good trade-off so that the dynamic NSGA-II algorithm
can periodically read the data without additional computational
overheads. Now the setup is ®=1000 ms and Q=N is a normal
distribution generator with average u = 100 and standard deviation
o =10. This implies an intensive normal data flow close to 500,000
incoming messages on average, every 5 s for 1 h (adding up to close
on 1.37 TBs of managed data over the observation time).

Fig. 10 shows the input rate of data during the execution, where
we can also observe how the scheduling delay increases, but it
becomes stable in the range of [2.00---3.00] min. In this scenario,
as captured in the plot of Fig. 11, the master node is able to sched-
ule and deliver all jobs to the slave nodes, which consume data
processing tasks properly. In this regard, as plotted in Fig. 12, the
total memory registers an intensive use, but on average lower than
560 GBs, which indicates an efficient usage of the available compu-
tational resources.

Tosummarize, Table 1 contains the minimum, average and max-
imum values (in GBs) of memory usage, for each type of memory
in the cluster and for each experimental test. We highlight that the
use of Swap memory in Test 3 is higher than in Test 1 and 2, whereas
the use of the Cache and Buffer memories is lower in Test 3 than in
the other tests. This is a desirable behavior, since in the case of Test
3 the number of incoming messages is steady, so jMetalSP is able
to compute them. As a result, when focusing on the total memory
usage, we can observe that Test 1 and Test 2 approach’s the global
memory system capacity (600 GBs), which does not occur in Test 3,
and therefore system overload is prevented.

6.4. Optimization results

Finally, in this section we report some interesting results with
regards to the optimized solutions reported by the jMetalSP appli-
cation using the dynamic NSGA-II algorithm. Fig. 13 shows the
Pareto front approximations generated by the evolutionary algo-
rithm throughout the optimization process after 10, 50, and 100
operations of problem data update. It is worth noting that each
problem update implies an algorithm restarting.

We can observe that the shapes of Pareto front approximations
vary in time, which is an expected behavior since we look for a
reactive approach that, taking advantage of the information coming
from multiple sources of data, is able to adapt itself to the changing
conditions in an traffic environment. In the three depicted fronts,
the extreme solutions are similar, which means that the data vari-
ations in the time slot where the data have been received have not
been enough to alter the best and worst solutions for each objective.

It is worth mentioning that although we have focused on NSGA-
I for this study, many of the metaheuristics included in jMetal
can be adapted to jMetalSP in the same way as for NSGA-IL In
order to show this, we have repeated the experimental proce-
dure performed with NSGA-II, but in this case using a different
optimizer, MOCell [10] (available in jMetalSP), which is a cellular
multi-objective evolutionary algorithm. Fig. 14 shows the Pareto
front approximations generated by the MOCell throughout the
optimization processes, after 10, 50, and 100 operations of problem
data updating. In general, we can observe that MOCell is also able
to obtain a varied set of non-dominated solutions throughout the
different steps of dynamic optimization. Nevertheless, in compari-
son with NSGA-II, the solutions obtained by MOCell show a similar
performance in terms of distance, but with higher values of travel
time. This indicates that NSGA-II performs better than MOCell in
the scope of the data instances and the experimental framework
used here.

7. Additional features of jMetalSP

In the preceding sections we have described and used jMet-
alSP to solve a dynamic Big Data optimization problem. However,
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Table 1

Minimum (Min), average (Avg), and maximum (Max) values in GigaBytes of memory usage throughout Test 1 (uniform moderate), Test 2 (uniform intensive) and Test 3
(normal moderate) with jMetalSP running NSGA-IIL.

Tests/type of memory Test 1 Test 2 Test 3
Min Avg Max Min Avg Max Min Avg Max
Use 316.0 372.6 453.5 316.0 383.2 486.0 2324 430.8 463.4
Cache 114.4 141.7 1718 90.4 109.6 124.7 37.2 100.0 105.9
Buffer 6.1 8.7 119 5.7 6.1 6.3 2.5 5.8 104
Swap 13.0 14.7 16.0 16.0 17.0 22.4 22.5 26.6 29.3
Total 590.2 590.2 590.2 590.2 590.2 590.2 368.0 558.2 570.9
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it is worth mentioning that jMetalSP can also be used to par-
allelize multi-objective metaheuristics that solve conventional
(static) multi-objective problems [25]. Once more, the key is to take
advantage of algorithm templates.

If we take a look again to the pseudo-code of an evolutionary
algorithm, the Step 6 consists on evaluating the new generated
solutions. This step can be performed in parallel, because each solu-
tion evaluation is an independent task. jMetal 5 provides by default
two strategies: sequential and multi-threaded. The idea in jMetalSP
then is to use Spark.

The approach followed is to create an RDD with all the solu-
tions to be evaluated and a map transformation is used to evaluate
each solution in parallel. The evaluated solutions are then gathered
together and returned to the algorithm.

The advantage of using this scheme is that the metaheuristics
do not need to be modified, but the problem to be solved must
fulfill the requirements imposed by Spark for run map processes
(the closure of the tasks). For example, the evaluate method of the

problem must not modify variables outside the scope of the RDD
containing the list of solutions to be evaluated.

The resulting parallel model alternates parallel steps (evaluating
the solutions) with sequential ones (the rest of the algorithm), so
we cannot expect to achieve linear speed-ups. Along the same lines,
a study was carried out in [25], where different experiments are
conducted and analyzed. These experiments consider the parallel
performance of NSGA-II in a Hadoop cluster of 100 cores with and
without accessing data files stored in HDFS. This study reveals that
significant time reductions are achieved (see [25]).

8. Conclusions

In this paper, we have presented jMetalSP, a software solution to
deal with dynamic Big Data Optimization problems combining the
jMetal optimization framework with the Spark cluster computing
system.



Our motivation has been driven by the rise of Spark as a dis-
tributed computing platform in clusters and Hadoop systems and
the utilization of the jMetal framework as a multi-objective opti-
mization engine. We have generated a case study that considers a
bi-objective formulation of the TSP problem, where the goal is to
minimize the total distance and travel time. Then, a real instance
created from Open Data of the city from New York has been used
to update the problem data in streaming. Two additional artificial
data sources, based on Twitter and Kafka, have been added. After
the experimental validation, three main conclusions can be drawn:

e jMetalSP can be easily adapted to deal with other Big Data Opti-
mization problems, as well as to deploy and experiment with
them in a current cloud computing Spark cluster.

¢ In the scope of the computational platform used, the proposed
approach is able to efficiently manage a normal moderate (see
Test 3) flow of data involving 1.37 TBs of information in 1 h. The
system limits are reached when testing with uniform intensive
(Test 2) amounts of data.

e The dynamic NSGA-II algorithm developed with jMetalSP is able
to adapt to changing traffic conditions when solving the dynamic
TSP problem. This is a desirable behavior when dealing with reac-
tive approaches to benefit from information from multiple data
sources.

As for future work, we plan to define more realistic problems,
including additional data sources, as well as considering other opti-
mization algorithms for Big Data Optimization.
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