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a b s t r a c t

The fusion of soft computing methods such as neural networks and evolutionary algorithms have given a
very promising performance for time series prediction problems. In order to fully harness their strengths
for wider impact, effective real-world implementation of prediction systems must incorporate the use
of innovative technologies such as mobile computing. Recently, co-evolutionary algorithms have shown
to be very promising for training neural networks for time series prediction. Cooperative coevolution
decomposes a problem into subcomponents that are evolved in isolation and cooperation typically
involves fitness evaluation. The challenge has been in developing effective subcomponent decompo-
sition methods for different neural network architectures. In this paper, we evaluate the performance of
two problem decomposition methods for training feedforward and recurrent neural networks for chaotic
ime series prediction
obile application

time series problems. We further apply them for financial prediction problems selected from the NASDAQ
stock exchange. We highlight the challenges in real-time implementation and present a mobile applica-
tion framework for financial time series prediction. The results, in general, show that recurrent neural
networks have better generalisation ability when compared to feedforward networks for real-world time
series problems.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Neural networks have been very popular for time series predic-
ion in a wide range of applications that include the field of finance
nd business [1–3]. In the past, feedforward and recurrent neu-
al network architectures have been trained with a wide range
f algorithms that have shown promising performance for time
eries prediction [4–6]. The algorithms used for training have been
ainly gradient based approaches [4,7], neuro-evolution [8,6,9]

nd hybrid methods [10,11,1,2]. Hybrid neural network architec-
ures [12] and feature reconstruction methods have also been used
ith exceptional results [5]. Hence, there is motivation to feature
eural networks in real-world applications with innovative tech-
ologies.

Although gradient based approaches for neural networks have
een very promising, alternative methods are have been explored

hich mainly include the use of evolutionary algorithms in several

ariations. Cooperative coevolution (CC) is an evolutionary algo-
ithm that divides a problem into subcomponents [13] and has

∗ Corresponding author.
E-mail address: c.rohitash@gmail.com (R. Chandra).

ttp://dx.doi.org/10.1016/j.asoc.2016.08.029
568-4946/© 2016 Elsevier B.V. All rights reserved.
become popular for neuro-evolution [14–16]. CC methods used for
training neural networks is known as cooperative neuro-evolution
[17]. Cooperative neuro-evolution has shown to be very promis-
ing for time series prediction using feedforward [18] and recurrent
neural networks [6,9]. Cooperative neuro-evolution features more
diverse solutions through the sub-components when compared to
conventional evolutionary algorithms [14]. In cooperative neuro-
evolution, problem decomposition refers to the way the neural
network is broken down into subcomponents. The two estab-
lished problem decomposition methods are those on the synapse
level [19] and neuron level [17,20]. Neuron level decomposition
has shown good performance in pattern classification problems
[21,20]. On the other hand, synapse level decomposition has shown
good performance in control and time series prediction problems
[19,8,6]; however, they reported poor performance for pattern clas-
sification problems [17].

The generalisation capability of neural networks has made them
prominent in a wide range of real-world applications [22,23,5].
Although feedforward networks have been popular in time series

predictions, recurrent architectures, in principle, are better suited
for modelling temporal sequences [24]. It is important to vali-
date if their architectural properties provide better performance
for chaotic time series problems.

dx.doi.org/10.1016/j.asoc.2016.08.029
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.08.029&domain=pdf
mailto:c.rohitash@gmail.com
dx.doi.org/10.1016/j.asoc.2016.08.029
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The smartphone revolution has created the potential to feature
eal-time applications of neural networks for time series predic-
ion problems. There have been several methods developed to
uide investors using neural networks with mobile application on
xpected market trends [25]. Such applications are very valuable to
he financial and business community as it would be able to inform
hem of future risks and benefits [3]. Investors rely on their mobile
evices to keep track of their businesses and the stock markets in
eal-time [26]. However, computational intelligence methods such
s neural networks require high levels of computational power for
raining. This makes it challenging for real-time application sup-
ort in smartphones that have limitations in battery life and issues
elated to over-heating. Cloud computing infrastructure provides
otivation for mobile implementation of such methods.
In this paper, we evaluate the performance of two  problem

ecomposition methods for training feedforward and recurrent
eural networks for chaotic time series problems. We  present an
xtensive comparison of feedforward and recurrent network archi-
ectures on a combination of simulated and real-world chaotic
ime-series problems. We  further apply them for financial time
eries prediction problems selected from the national association of
ecurities dealers automated quotations (NASDAQ) stock exchange.

e highlight the challenges in real-time implementation and
resent a mobile application framework. This paper extends pre-

iminary results where cooperative neuroevolution was used for
raining feedforward networks for time series problems [18].

The rest of the paper is organised as follows. Section 2 gives
 background on financial time series and mobile applications.
ection 3 gives details of the cooperative co-evolutionary method
or training feedforward and recurrent neural networks. Section 4
resents the results with the proposed framework for mobile appli-
ation. Section 5 presents the discussion followed by the conclusion
nd directions for future research.

. Background and related work

.1. Financial time series prediction

The stock market is very unpredictable which makes investment
ery risky and uncertain. A number of soft computing methods
ave been used in the past for financial prediction. Chu et al. pre-
ented dual-factor fuzzy models for stock index forecasting [27].
eng and Chou presented radial basis function networks [28] with
romising performance for NASDAQ stock exchange problems.
idden Markov model-based approaches [29] have been used in

orecasting airline stocks while support vector regression [23] has
hown good progress with complex problems in security markets.
eural Networks, in particular, have shown good results with finan-
ial time series prediction [30,1,2]. Polynomial pipe-lined neural
etworks [30] are constructed from a number of pi-sigma networks
nd recurrent pi-sigma networks linked together in sequence. They
ave shown good results in predicting the exchange rate between
he United States (US) dollar and three other currencies. Spiking
eural networks, and in particular, polychronous spiking networks
1] have been used in predicting the stock market and exchange
ate data. Ridge polynomial neural networks [2] produced simi-
ar results when compared to multilayer perceptrons, functional
ink neural networks, and pi-sigma neural networks for the stock

arket and exchange rate data sets.

.2. Mobile application
Mobile devices such as smartphones and tablets have become
art of our lives due to portable access to software applica-
ions [25]. Mobile devices are not generally suitable for running
omputing 49 (2016) 462–473 463

applications with computational intelligence methods due to cer-
tain limitations that involve processing power, battery life and
overheating. Even with quad-core processors, running computa-
tionally expensive algorithms on mobile devices consumes high
battery power and produces heat. There is requirement of certain
level of prioritization in terms of computation and data processing
on such devices. Large amounts of data processing can considerably
slow down such devices [31].

In the past, soft computing methods such as neural networks
have been deployed as Android application for number plate recog-
nition [32]. Although the application showed promising accuracy
in prediction, it was  not able to function well on devices with low
memory and processing speed. There has been an interest on use
of mobile phones in medical informatics [33] and several applica-
tions have been developed for different platforms for mobile health
informatics [33,34]. Mobile applications have become very popular
and successful in the education sector since mobile learning have
been the focus in universities and schools [35].

Furthermore, neural networks have been used for recognition
of handwritten digits via an Android application [36]. Although
the application gave promising accuracy, it required extra mem-
ory which could be an issue on cheaper smartphones. Moreover,
an Android application for automatic classification of environmen-
tal sounds employed a neural network for classification [37] and
it was  reported that the application required high computational
power. In further studies, a mobile-based data mining package was
successfully implemented using a Java-based framework to extend
the Weka data-mining tool [38]. Therefore, success in implementa-
tions of soft computing based mobile applications in a wide range
of areas motivate their implementations for mobile-based financial
prediction.

3. Evaluation of co-evolutionary neural network
architectures for time series prediction

We provide an overview of the evaluation of coevolutionary
methods for training feed-forward and recurrent neural networks
for chaotic time series prediction. We  first provide details of Elman
recurrent networks and then present cooperative neuro-evolution
and time series problems.

3.1. Elman recurrent neural networks

Recurrent neural networks (RNNs) are dynamical systems that
feature feedback connections that make the main difference when
compared to feedforward networks. One popular architecture is the
Elman RNN [39], which is composed of an input layer, a context layer
which provides state information, a hidden layer and an output layer
as shown in Fig. 1. Each layer contains one or more neurons which
propagate information from one layer to another by computing a
non-linear function of their weighted sum of inputs. The equation
of the dynamics of the change of hidden state neuron activations
in the context layer is given in Eq. (1).

yi(t) = f

⎛
⎝ K∑

k=1

vik yk(t − 1) +
J∑

j=1

wijxj(t − 1)

⎞
⎠ (1)

where yk(t) and xj(t) represent the output of the context state neu-
ron and input neurons, respectively. vik and wij represent their
corresponding weights; i represents the number of input neurons

while j and k represents the number of hidden and context layer
neurons, respectively. f(.) is a sigmoid transfer function. Time (t)
refers to each data point of the time series sample used for predic-
tion.
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Fig. 1. Elman RNN showing 2 input and hidden neurons with recurrent connections
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hrough the context layer. Note that the Elman RNN used for time series problems
s  composed of 1 neuron in the input layer and 1 output neuron. It unfolds by n time
teps which is given by the embedding dimension of the time series.

Elman RNNs have shown to be very promising for time series
rediction problems and have been trained using back-propagation
hrough-time [4,5] and cooperative neuro-evolution [6,9].

.2. Cooperative neuro-evolution and problem decomposition

Cooperative coevolution employs problem decomposition
trategies that decompose the network topology into subcom-
onents. It determines how the weights are encoded into the
ubcomponents that are implemented as sub-populations. The two
ain problem decomposition methods are neuron level (NL) and

ynapse Level (SL) problem decomposition.
In SL problem decomposition, the neural network is decom-

osed to its lowest level where each weight connection (synapse)
orms a subcomponent. Examples include cooperatively co-evolved
ynapses neuro-evolution [19] and neural fuzzy network with cul-
ural cooperative particle swarm optimisation [8]. In NL problem
ecomposition, the neurons in the network act as the reference
oint for the decomposition. Examples include enforced sub-
opulations [16,21] and neuron-based sub-population [17,20].

lgorithm 1. Cooperative coevolution.

tep 1: Decompose the problem (NL or SL)
tep 2: Initialise and cooperatively evaluate each sub-population
or  each cycle until termination do

for each Sub-population do
for n Generations do

i) Select and create new offspring
ii) Cooperatively evaluate the new offspring
iii) Update sub-population

end for
end for

nd for

In Algorithm 1, the neural network is decomposed using the
L or SL method into k subcomponents. In SL, k is the number of
eights and biases within the neural network which apply for both

eedforward and recurrent neural networks. In NL for feedforward
etworks, k is the total number of hidden and output neurons [6],
hereas in RNNs, k is total number of context, hidden and output

eurons [20]. These are explicitly shown in Figs. 2 and 3, respec-
ively.

In the initialisation phase, all the sub-populations are populated
ith random values and evaluated. An individual whose fitness is to
omputing 49 (2016) 462–473

be evaluated is concatenated with best individuals from the rest of
the sub-populations. Note that arbitrary fitness values are assigned
during initialisation since the respective individuals in all the sub-
populations do not have a fitness. The second phase is the evolution
phase in which an individual whose fitness has to be evaluated is
concatenated with the best individuals from the rest of the sub-
populations. In the later case, all the individuals obtain their true
fitness in the first cycle of evolution. A cycle is completed when all
the sub-populations have been evaluated in a round-robin fashion
for a given number of generations which is known as the depth of
search.

The sub-populations are evolved in isolation and cooperation
takes place for fitness evaluation [13]. The goal of the evolutionary
process is to increase the fitness which tends to decrease the neural
network error which is defined as the root-mean-squared-error for
time series problems.

Evaluation of the fitness of each individual for a particular sub-
population is done cooperatively with the fittest individuals from
the other sub-populations [14]. Cooperative evaluation for an indi-
vidual j, in a particular sub-population i, is done by concatenating
the fittest individuals from the rest of the sub-populations and
encoding them into a neural network where its fitness is evalu-
ated [13,40,20,6]. The fitness of the overall neural network is then
assigned to that particular individual even though it was just a
small component of the overall network. This is further illustrated
in Figs. 3 and 2.

All the sub-populations are evolved for a fixed number of gener-
ations. The generalized generation gap model with parent-centric
crossover operator (G3-PCX) evolutionary algorithm [41] is the des-
ignated evolutionary algorithm in the sub-populations.

3.3. Time series data prepossessing for neural networks

Time series prediction involves a large series of data points
that are taken at regular intervals. We  need to transform them in
order to build prediction models using soft computing methods
such as neural networks. The basic transformation or reconstruc-
tion requires the time series data to be broken down into smaller
pieces or windows that are taken at regular intervals. The process
is described in detail hereafter.

Given an observed time series x(t), an embedded phase space
Y(t) = [(x(t), x(t − T), . . .,  x(t(D − 1)T)] can be generated, where, T
is the time delay, D is the embedding dimension, t = 0, 1, 2, . . .,
N − DT − 1 and N is the length of the original time series [42]. Taken’s
theorem expresses that the vector series reproduces many impor-
tant characteristics of the original time series. The right values for D
and T must be chosen in order to efficiently apply Taken’s theorem
[43]. Taken proved that if the original attractor is of dimension d,
then D = 2d + 1 will be sufficient to reconstruct the attractor [42].

The reconstructed vector is used to train the feedforward and
recurrent network for one-step-ahead prediction where 1 neuron
is used in the output layer. In the case of feedforward network, D
is the number of input neurons. In the case of recurrent networks,
1 is the number of input neuron. The recurrent network unfolds k
steps in time which correspond to the embedding dimension D.

The root mean squared error (RMSE) is used to measure the pre-
diction performance of the recurrent and feed-forward network.
The normalised mean squared error (NMSE) is used for further com-
parison with results from the literature. These are given in Eqs. (2)
and (3).
RMSE =

√√√√ 1
N

N∑
i=1

(yi − ŷi)
2 (2)
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Fig. 2. FNN with NL problem decomposition. Note that 4 input neurons represent time series reconstruction with embedding dimension of 4.
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o  the size of the embedding dimension.

MSE =
(∑N

i=1(yi − ŷi)
2∑N

i=1(yi − yi)
2

)
(3)

here yi, ŷi and yi are the observed data, predicted data and average
f observed data, respectively. N is the length of the observed data.
hese two performance measures are used in order to compare the
esults with the literature.

.4. Mobile application framework for financial time series
rediction

We  present a mobile application framework which can notify
otential investors on possible market closing prices through which
he investors can make appropriate investment decisions. The
ramework is composed of a mobile application and the intelligent
rediction system that consists the selected neural network trained
n a cloud computing infrastructure [44]. Each day the system is
rained with new data that is fetched using web services [45]. The
rediction from the respective neural network architectures can
e updated in a relational database which maintains the history

f predictions to generate interactive graphs and visualisations for
he mobile application [46]. Each time the application is loaded,
t checks with the cloud computing platform if any data has been
dded. The main computation in terms of training the intelligent
nt time series reconstruction with any embedding dimension. The network unfolds

prediction system is assigned to the cloud infrastructure. Hence, the
application can be installed on any type of mobile device regardless
of their processing power.

The mobile application can display the previous prediction
results along with their errors in the prediction of the respective
neural network architectures so that investors are aware of the
risks involved. Strategies can be implemented for further access to
the prediction performance from the previous timespan that can
be given by weeks or months.

It is important to prioritize in terms of what information to send
to the mobile device so that it is not overloaded with large amounts
of data. An alternative approach would be to train the neural net-
work on the cloud computing infrastructure and then transfer the
weights or knowledge to the mobile device. The mobile application
will receive the knowledge and apply it to the local neural networks
built within the application. As a result, each day the application
will fetch the latest market prices from the cloud server and input
the prices into its local neural network. Both options will require
the same amount of prediction data and can be refined as more data
is gathered automatically using web services.

The mobile application needs to offer a high level of secu-

rity to its users that can be implemented as three-factor remote
authentication scheme that includes biometric information for
authentication [47]. Security can be further enhanced by the imple-
mentation of robust biometric features that can include signature
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Each neural network architecture was  tested with different
numbers of hidden neurons. The FNN uses one hidden layer and
the RNN unfolds in time according to the embedding dimension
ig. 4. Overview of mobile application framework for real-time financial prediction.

nd iris recognition [48,49]. Fig. 4 shows an overview of the pro-
osed mobile application framework that highlights the need for
ecure data flow, biometrics for the mobile devices and use of cloud
omputing infrastructure for the intelligent prediction system.

. Simulation and analysis

This section presents an experimental study that evaluates the
erformance of feedforward networks and Elman RNNs for time
eries prediction. In the beginning, three benchmark time series
roblems are used and the results are compared with the literature.
fterwards, the proposed approach is applied to three NASDAQ
nancial time series problems. A mobile application framework for
eal-time implementation also given.

The NL and SL decomposition methods are used for feedforward
etworks (FNNs) and Elman RNNs. Their performance is evalu-
ted in terms of training and generalisation. In the benchmark
haotic time series problems, the Mackey–Glass times series [50]
nd Lorenz time series [51] are the two simulated time series. The
eal-world problem is the Sunspot time series [52]. The experimen-
al setup for Elman RNNs is taken from our previous work [6].

.1. Benchmark chaotic time series problems
The Mackey–Glass time series has been used in literature as a
enchmark problem due to its chaotic nature [50]. The differential
omputing 49 (2016) 462–473

equation used to generate the Mackey-Glass time series is given in
Eq. (4).

ıx

ıt
= ax(t − �)

[1 + xc(t − �)]
− bx(t) (4)

In Eq. (4), the delay parameter � determines the characteristic of
the time series, where � > 16.8 produces chaos. The selected param-
eters for generating the time series is taken from the literature
[11,5]; where the constants a = 0.2, b = 0.1 and c = 10. The chaotic
time series is generated by using time delay � = 17 and initial value
x(0) = 1.2.

The experiments use the chaotic time series with a length of
1000 generated by Eq. (4). The first 500 samples are used for train-
ing the respective neural network architecture while the rest are
used for testing. The time series is scaled in the range [0,1]. The
phase space of the original time series is reconstructed with the
embedding dimensions D = 4 and T = 2.

The Lorenz time series was introduced by Edward Lorenz who
has extensively contributed to the establishment of Chaos theory
[51]. The Lorenz equation are given in Eq. (5).

dx(t)
dt

= �[y(t) − x(t)]

dy(t)
dt

= x(t)[r − z(t)] − y(t)

dz(t)
dt

= x(t)y(t) − bz(t)

(5)

where �, r, and b are dimensionless parameters. The typical val-
ues of these parameters are � = 10, r = 28, and b = 8/3 [53,5]. The
x-coordinate of the Lorenz time series is chosen for prediction and
1000 samples are generated. The time series is scaled in the range
[−1,1]. The first 500 samples are used for training and the remaining
500 is used for testing. The phase space of the original time series
is reconstructed with the embedding dimensions D = 4 and T = 2.

The Sunspot time series is a good indication of the solar activi-
ties for solar cycles which impact Earth’s climate, weather patterns,
satellite and space missions [54]. The prediction of solar cycles
is difficult due to its complexity. The monthly smoothed Sunspot
time series has been obtained from the World Data Centre for the
Sunspot Index [52]. The Sunspot time series from November 1834
to June 2001 is selected which consists of 2000 points. This interval
has been selected in order to compare the performance the pro-
posed methods with those from literature [11,5]. The time series
is scaled in the range [−1,1]. The first 1000 samples are used for
training while the remaining 1000 samples are used for testing.
The phase space of the original time series is reconstructed with
the embedding dimensions D = 5 and T = 2. Note that the selected
problems are scaled in the range of [0,1] and [−1,1] in order to
provide a fair comparison with the literature.

4.2. Experimental design

The respective neural network architectures use sigmoid units
in the hidden layer for the different problems. In the output layer, a
sigmoid unit is used for the Mackey–Glass time series while hyper-
bolic tangent unit is used for Lorenz and Sunspot time series. The
RMSE and NMSE given in Eq. (2 and 3) are used as the main perfor-
mance measures.
(D) of the particular time series. For the Mackey-Glass and Lorenz
time series, we  used embedding dimension D = 4 while for Sunspot
time series we used D = 5. A time-lag of 2 (T = 2) was used for all
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Table  1
The prediction training and generalisation performance (RMSE) of NL and SL Mackey–Glass time series.

Prob. H Training Generalization Best

FNN-NL 3 0.0107 ± 0.0013 0.0107 ± 0.0013 0.0050
5  0.0089 ± 0.0010 0.0088 ± 0.0010 0.0037
7  0.0078 ± 0.0008 0.0078 ± 0.0008 0.0040
9  0.0080 ± 0.0006 0.0079 ± 0.0006 0.0038

RNN-NL  3 0.0114 ± 0.0010 0.0114 ± 0.0011 0.0055
5  0.0108 ± 0.0006 0.0108 ± 0.0007 0.0061
7  0.0111 ± 0.0008 0.0111 ± 0.0009 0.0053
9  0.0107 ± 0.0007 0.0107 ± 0.0007 0.0063

FNN-SL 3 0.0228 ± 0.0022 0.0229 ± 0.0022 0.0125
5  0.0195 ± 0.0012 0.0195 ± 0.0012 0.0124
7  0.0177 ± 0.0009 0.0178 ± 0.0009 0.0121
9  0.0166 ± 0.0009 0.0166 ± 0.0009 0.0112

RNN-SL 3 0.0181 ± 0.0021 0.0182 ± 0.0021 0.0098
9 
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5  0.0164 ± 0.001
7  0.0191 ± 0.004
9  0.0296 ± 0.006

hree problems. These values have shown to give good results in
iterature [6].

We  employ 1 generation as the depth of search as it has given
ptimal performance for both NL and SL decomposition methods
n the previous study [20]. Note that all the sub-populations evolve
or the same depth of search. The termination condition of the three
roblems is when a total of 50,000 function evaluations have been
eached.

The G3-PCX algorithm uses the generation gap model [41] for
election. We  use G3-PCX parameters as follows. The pool size of 2
arents and 2 offspring with a population size of 300 is used [6].

.3. Results

This section provides the results of the evaluation of feedfor-
ard (FNN) and recurrent neural networks (RNN) with NL and SL
ecomposition methods for the benchmark problems. The results
eport the mean, 95% confidence interval and the best performance
RMSE) from the 50 independent experimental runs. Note that the
est cases for each problem have been highlighted in bold by the

owest values in the RMSE. Moreover, we also note that SL and NL

ethods for recurrent neural networks have been proposed pre-

iously [6]. Here, we further evaluate their performance on the
ame datasets in order to compare with feedforward networks as

 preliminary study for financial prediction.

able 2
he prediction training and generalisation performance (RMSE) of NL and SL for the Loren

Prob. H Training 

FNN-NL 3 0.0173 ± 0.0028 

5  0.0252 ± 0.0071 

7  0.0319 ± 0.0083 

9  0.0347 ± 0.0074

RNN-NL  3 0.0178 ± 0.0015 

5  0.0132 ± 0.0014 

7  0.0143 ± 0.0015 

9  0.0149 ± 0.0016 

FNN-SL  3 0.0608 ± 0.0294 

5  0.0526 ± 0.0081 

7  0.0574 ± 0.0072 

9  0.0679 ± 0.0156 

RNN-SL  3 0.0209 ± 0.0024 

5  0.0168 ± 0.0020 

7  0.0164 ± 0.0028 

9  0.0144 ± 0.0019 
0.0164 ± 0.0019 0.0082
0.0191 ± 0.0041 0.0090
0.0297 ± 0.0069 0.0105

In the Mackey–Glass problem, the FNN was able to give bet-
ter generalisation in comparison to the RNN for both the problem
decomposition methods as shown in Table 1. We  observe that the
RNN gave better generalisation performance when compared to
FNN for the Lorenz problem as shown in Table 2. Moreover, NL
was not able to outperform SL. In the Sunspot problem, FNN pro-
duced a poorer performance when compared to the RNN as shown
in Table 3. NL gave better performance when compared to SL for
both the network architectures. The results, in general, show that
the neural network with the lowest training error does not always
give the best generalisation performance. This is due to over-fitting
and noise in the dataset. In the Lorenz and Sunspot problems, the
performance was  generally better with fewer hidden neurons. This
was different in the case of the Mackey–Glass problem.

Overall, the RNN outperformed the FNN for two of the three
benchmark problems. Furthermore, NL has given better perfor-
mance when compared to SL for most cases for both the neural
network architectures.

Figs. 5–7 shows the prediction performance from the best exper-
imental runs of the respective problems. We  observe that the error
bars in the Sunspot problem show higher variations at specific
regions when compared to Mackey-Glass and Lorenz problems.

This is due to their difference in category of application which is
distinguished by real-world and simulated time series.

Table 4 further compares the performance of the evaluated
methods with the literature which reports the mean and the 95%

z time series.

Generalization Best

0.0180 ± 0.0032 0.0042
0.0272 ± 0.0072 0.0022
0.0351 ± 0.0089 0.0039
0.0365 ± 0.0075 0.0062

0.0184 ± 0.0016 0.0072
0.0136 ± 0.0015 0.0031
0.0147 ± 0.0016 0.0051
0.0155 ± 0.0017 0.0051

0.0451 ± 0.0220 0.0153
0.0546 ± 0.0084 0.0082
0.0605 ± 0.0074 0.0078
0.0717 ± 0.0156 0.0128

0.0214 ± 0.0025 0.0078
0.0175 ± 0.0021 0.0043
0.0172 ± 0.0029 0.0059
0.0151 ± 0.0020 0.0064
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Table 3
The prediction training and generalisation performance (RMSE) of NL and SL Sunspot time series.

Prob. H Training Generalization Best

FNN-NL 3 0.0217 ± 0.0028 0.0558 ± 0.0074 0.0165
5  0.0213 ± 0.0025 0.0631 ± 0.0077 0.0181
7  0.0273 ± 0.0032 0.0724 ± 0.0075 0.0169
9  0.0292 ± 0.0043 0.0737 ± 0.0087 0.0186

RNN-NL 3 0.0190 ± 0.0015 0.0391 ± 0.0089 0.0144
5  0.0160 ± 0.0011 0.0437 ± 0.0111 0.0124
7  0.0168 ± 0.0012 0.0434 ± 0.0113 0.0152
9  0.0178 ± 0.0011 0.0689 ± 0.0179 0.0147

FNN-SL 3 0.0542 ± 0.0028 0.0593 ±0.0035 0.0336
5  0.0728 ± 0.0166 0.1024 ±0.0264 0.0341
7  0.0787 ± 0.0143 0.1260 ± 0.0211 0.0478
9  0.0835 ± 0.0304 0.1575 ± 0.0341 0.0582

RNN-SL 3 0.0207 ± 0.0022 0.0512 ± 0.0123 0.0169
5  0.0179 ± 0.0019 0.0537 ± 0.0128 0.0166
7  0.0165 ± 0.0010 0.0566 ± 0.0155 0.0151
9  0.0171 ± 0.0016 0.0651 ± 0.0189 0.0150

Table 4
Comparison with the literature.

Problem Method RMSE (Mean ± CI)

Wavelet packet multilayer perceptron [10] 1.25E−01
Hybrid NARX-Elman recurrent neural network [5] 1.19E−02
Evolutionary multi-objective recurrent neural network ensembles [55] 1.56E−02 ± 1.11E−03

Sunspot Co-evolutionary recurrent neural networks (Synapse level) [6] 6.88E−02 ± 2.66E−02
Co-evolutionary recurrent neural networks (Neuron level) [6] 5.58E−02 ± 8.01E−03
Competitive co-evolutionary recurrent neural networks (two islands) [56] 4.06E−02 ± 5.90E−03
Competitive co-evolutionary recurrent neural networks (three islands) [56] 5.95E−02 ± 1.62E−02
Evaluated CCRNN-SL 5.12E−02 ± 1.23E−02
Evaluated CCRNN-NL 3.91E−02 ± 8.90E−03
Evaluated CCFNN-SL 5.93E−02 ± 3.50E−03
Evaluated CCFNN-NL 5.58E−02 ± 7.40E−03

Pseudo Gaussian - radial basis neural network 9.40E−02
Auto regressive moving average with neural networks [53] 8.76E−02
Hybrid NARX-Elman recurrent neural network [5] 1.08E−04

Lorenz Back-propagation and genetic algorithm with residual analysis [57] 2.96E−02
Co-evolutionary recurrent neural networks (Synapse level) [6] 1.95E−02 ± 2.59E−03
Co-evolutionary recurrent neural networks (Neuron level) [6] 1.82E−02 ± 2.82E−03
Competitive co-evolutionary recurrent neural networks (two islands) [56] 9.15E−03 ± 1.01E−03
Competitive co-evolutionary recurrent neural networks (three islands) [56] 1.78E−02 ± 1.90E−03
Evaluated CCRNN-SL 1.51E−02 ± 2.00E−03
Evaluated CCRNN-NL 1.36E−02 ± 1.50E−03
Evaluated CCFNN-SL 4.51E−02 ± 2.20E−02
Evaluated CCFNN-NL 1.80E−02 ± 3.20E−03

Adaptive neuro fuzzy inference system [12] 1.50E−03
Genetic fuzzy predictor ensemble [58] 3.80E−02

Mackey Pseudo Gaussian - radial basis network [59] 2.80E−03
Neural fuzzy network with particle swarm optimisation (PSO) [8] 2.10E−02
Neural fuzzy network with cultural cooperative PSO [8] 8.42E−03
Neural fuzzy network with cooperative PSO [8] 1.76E−02
Neural fuzzy network with differential evolution [8] 1.62E−02
Neural fuzzy network with genetic algorithm [8] 1.63E−02
Back-propagation and genetic algorithm with residual analysis [57] 1.30E−03
Hybrid NARX-Elman recurrent neural network [5] 3.72E−05
Evolutionary multi-objective recurrent neural networkensembles [55] 1.23E−02 ± 4.49E−03
Co-evolutionary recurrent neural networks (Synapse level) [6] 9.39E−03± 5.57E−04
Co-evolutionary recurrent neural networks (Neuron level) [6] 1.23E−02 ± 9.16E−04
Competitive co-evolutionary recurrent neural networks (two islands) [56] 8.47E−03 ± 6.30E−04
Competitive co-evolutionary recurrent neural networks (three islands) [56] 7.89E−03 ± 5.36E−04
Evaluated CCRNN-SL 1.64E−02 ± 1.90E−03

c
S
t
i
e
s

Evaluated CCRNN-NL 

Evaluated CCFNN-SL 

Evaluated CCFNN-NL 

onfidence interval (CI). We  note that Co-evolutionary RNNs with
L and NL proposed in the literature [6] used a smaller popula-

ion size and hence the results slightly vary with those evaluated
n this work. We  observe that in the MAckey-Glass problem, the
valuated methods which are highlighted in bold outperformed
ome of the methods such as neural fuzzy network with genetic
1.07E−02 ± 7.00E−04
1.66E−02± 9.00E−04
7.80E−03 ± 8.00E−04

algorithm (GA) [8] and neural fuzzy network with differential evo-
lution (DE) [8]. In the case of the Lorenz problem, we  observe

that the evaluated methods outperform some of the methods such
as the autoregressive moving average (ARMA) with feedforward
networks [53]. Furthermore, in the Sunspot problem, the evaluated
methods outperformed some of the methods in the literature such
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Fig. 6. Performance given by NL (feedforward network) for a typical experimental
run on the testing set for Lorenz time series.
ig. 5. Performance given by NL (feedforward network) for a typical experimental
un on the testing set for Mackey Glass time series.

s the wavelet packet multilayer perceptron [10]. We  note that sev-
ral methods from the literature have better performance as they
ave used hybrid methods in the prediction model architectures
nd training [5].

.4. Financial time series prediction

This section presents the results of the experiments for financial
ime series problem using selected problem decomposition meth-
ds cooperative neuro-evolution for feedforward and recurrent
eural networks.

.4.1. Experimental design
The financial time series data set is taken from the NASDAQ

tock exchange [60]. It contains daily closing prices for ACI World-
ide, Staples Inc., and Seagate Technology Holdings. The data set for

ach company contained closing stock prices from December 2006
o October 2010 which is equivalent to around 800 data points.
he stock prices fluctuated over the 3 year period, therefore, the
ataset also features the recession that hit the United States mar-
et in 2008. We  used embedding dimension D = 5 and time lag T = 2,
o reconstruct the time series data using Taken’s theorem in order
o generate the training and testing datasets.
The closing stock prices were scaled between 0 and 1. The max-
mum number of function evaluations was set at 50,000 which

as used as a termination condition for the algorithm. Similar to
he previous data sets, we used a population size of 300. In the
Fig. 7. Performance given by NL (feedforward network) for a typical experimental
run on the testing set for Sunspot time series.

respective neural network architectures, sigmoid units were
employed in the hidden and output layers.

4.4.2. Results

The results for 50 experimental runs are given in Tables 5–7. The

mean, 95% confidence interval, and the best performance (RMSE)
has been given for the respective training and test datasets. The
best results are highlighted in bold.
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Table 5
The prediction training and generalisation performance (RMSE) of NL and SL for the ACI Worldwide financial data.

Prob. H Training Generalization Best

FNN-NL 3 0.0208 ± 0.0004 0.0213 ± 0.0004 0.0191
5  0.0202 ± 0.0003 0.0209 ± 0.0003 0.0194
7  0.0198 ± 0.0003 0.0208 ± 0.0003 0.0195
9  0.0197 ± 0.0003 0.0207 ± 0.0003 0.0196

RNN-NL 3 0.0207 ± 0.0004 0.0211 ± 0.0013 0.0193
5  0.0202 ± 0.0003 0.0204 ± 0.0002 0.0193
7  0.0201 ± 0.0002 0.0204 ± 0.0004 0.0193
9  0.0203 ± 0.0002 0.0205 ± 0.0007 0.0193

FNN-SL 3 0.0474 ± 0.0023 0.0483 ± 0.0042 0.0299
5  0.0297 ± 0.0016 0.0258 ± 0.0017 0.0192
7  0.0269 ± 0.0008 0.0246 ± 0.0011 0.0200
9  0.0266 ± 0.0007 0.0247 ± 0.0009 0.0195

RNN-SL  3 0.0226 ± 0.0007 0.0219 ± 0.0008 0.0191
5  0.0219 ± 0.0007 0.0210 ± 0.0005 0.0193
7  0.0211 ± 0.0005 0.0211 ± 0.0006 0.0193
9  0.0210 ± 0.0004 0.0217 ± 0.0006 0.0195

Table 6
The prediction training and generalisation performance (RMSE) of NL and SL for the Staples Inc. financial data.

Prob. H Training Generalization Best

FNN-NL 3 0.0172 ± 0.0006 0.0802 ± 0.0102 0.0301
5  0.0171 ± 0.0005 0.0883 ± 0.0110 0.0353
7  0.0167 ± 0.0003 0.0977 ± 0.0124 0.0276
9  0.0168 ± 0.0004 0.1082 ± 0.0129 0.0271

RNN-NL 3 0.0167 ± 0.0002 0.0767 ± 0.0104 0.0299
5  0.0165 ± 0.0001 0.0851 ± 0.0109 0.0330
7  0.0166 ± 0.0001 0.0777 ± 0.0072 0.0379
9  0.0167 ± 0.0001 0.0841 ± 0.0083 0.0357

FNN-SL  3 0.0341 ± 0.0021 0.1264 ± 0.0099 0.0444
5  0.0275 ± 0.0010 0.0983 ± 0.0113 0.0260
7  0.0254 ± 0.0009 0.0757 ± 0.0107 0.0249
9  0.0237 ± 0.0006 0.0892 ± 0.0111 0.0259

RNN-SL  3 0.0193 ± 0.0007 0.0532 ± 0.0056 0.0218
5  0.0192 ± 0.0008 0.0882 ± 0.0147 0.0244
7  0.0205 ± 0.0012 0.0884 ± 0.0126 0.0303
9  0.0250 ± 0.0032 0.0992 ± 0.0130 0.0329

Table 7
The prediction training and generalisation performance (RMSE) of NL and SL for the Seagate Technology Holdings financial data.

Prob. H Training Generalization Best

FNN-NL 3 0.0188 ± 0.0004 0.2015 ± 0.0359 0.0373
5  0.0186 ± 0.0004 0.1609 ± 0.0278 0.0458
7  0.0185 ± 0.0002 0.1948 ± 0.0365 0.0274
9  0.0184 ± 0.0001 0.1944 ± 0.0359 0.0224

RNN-NL 3 0.0186 ± 0.0002 0.2141 ± 0.0361 0.0318
5  0.0184 ± 0.0001 0.1839 ± 0.0300 0.0169
7  0.0186 ± 0.0002 0.1443 ± 0.0244 0.0212
9  0.0185 ± 0.0002 0.1759 ± 0.0391 0.0229

FNN-SL  3 0.0365 ± 0.0025 0.2179 ± 0.0097 0.1197
5  0.0284 ± 0.0015 0.1956 ± 0.0283 0.0374
7  0.0257 ± 0.0009 0.2316 ± 0.0476 0.0439
9  0.0237 ± 0.0007 0.3229 ± 0.0509 0.0593

RNN-SL  3 0.0206 ± 0.0005 0.1902 ± 0.0302 0.0388
1 

8 

0 

p
T
a
g
p
i

5  0.0218 ± 0.001
7  0.0238 ± 0.001
9  0.0293 ± 0.004

In the ACI Worldwide Inc. problem (Table 5), the generalisation
erformance was  very competitive for both network architectures.
he RNN performed slightly better than the FNN in terms of training

nd generalisation. We  further observe that the NL decomposition
ave better performance in comparison to SL decomposition. The
erformance on NL improved as the number of hidden neurons

ncreased. In Staples Inc. problem (Table 6), the RNN outperformed
0.1709 ± 0.0329 0.0240
0.2134 ± 0.0334 0.0282
0.2275 ± 0.0434 0.0410

FNN in both the training and generalisation performance. We  fur-
ther observe that SL decomposition gave better performance than
NL for both the neural network architectures. The Seagate Technol-

ogy Holdings problem (Table 7) has shown to be the most difficult
problem. We  observe that the RNN outperformed FNN and NL out-
performed SL on both the network architectures. The proposed
methods showed signs of over-fitting with this problem as the
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ig. 8. Performance given by NL (feed-forward neural network) for a typical exper-
mental run on the testing set for ACI Worldwide.

raining and generalisation performance had a relatively large vari-
nce. We  further highlight that the training performance is much
etter than the generalisation performance. This could be due to
he difference in the trend taken by the stock market that highly
ifferentiates the training dataset from the testing.

We observed that NL outperformed SL in two of the three finan-
ial time series problems. In the comparison of the two different
etwork architectures, we observe that the RNN gave a better
eneralisation performance than FNN. The RNN gave superior per-
ormance in all three financial time series problems. Therefore, in
eneral, we can conclude that the RNN is more suited to finan-
ial prediction. Figs. 8–10 provide the prediction performance from
he best experimental runs using feedforward networks. They give
n overview of the prediction performance when compared to the
ctual values.

. Discussion
In determining the best neural network architecture, we  found
hat the RNN outperformed the FNN on two out of the three bench-

ark problems that consist of the Lorenz and Sunspot time series.
urthermore, in the Sunspot and Lorenz time series, lower number

Fig. 10. Performance given by NL (feed-forward neural network) for a typica
Fig. 9. Performance given by NL (feed-forward neural network) for a typical exper-
imental run on the testing set for Staples Inc.

of hidden neurons produced better generalisation when compared
to Mackey-Glass time series. A case-study was done in which both
network architectures and the co-evolutionary problem decom-
position methods were applied to real-world financial time series
problems from the NASDAQ stock exchange. The datasets from ACI
Worldwide, Staples Inc., and Seagate Technology Holdings were
used for comparison. The RNN outperformed the FNN on all three
financial time series problems with better generalisation perfor-
mance.

We included experiments on four real-world problems
(Sunspot, ACI Worldwide, Staples Inc. and Seagate Technology
Holdings). These datasets seem to include a higher level of noise
and uncertainty which made them more difficult for prediction.
We gathered that the RNN outperformed the FNN on all four real-
world problems. Moreover, NL outperformed SL decomposition on
five of the six problems, hence, NL is suited for both simulated and
real-world problems.

In our past research [6], we employed training time of 100,000
function evaluations. In this study, we have used 50,000 func-

tion evaluations which becomes a significant reduction. We  have
seen better results in some of the cases in this study as we used
improved parameter settings such as bigger population size in the

l experimental run on the testing set for Seagate Technology Holdings.
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ub-populations. During the training phase, we have observed that
raining accuracy continues to improve for the entire 50,000 func-
ion evaluations. We  acknowledge that the extent of improvement
ecreases towards the end which has been common for similar
volutionary methods [56,6].

We  further note that the experiments were designed without
he validation set in order to compare the performance of the algo-
ithms and the neural network architectures only on the training
ata with fixed training time. In future, a validation set can also be
sed in order to avoid over-fitting.

. Conclusions and future work

We  presented a comparison of feedforward and recurrent neural
etworks performance for time series prediction where cooper-
tive neuro-evolution was used as the training algorithm. We
sed two different problem decomposition methods in coopera-
ive neuro-evolution. The results show that the recurrent neural
etwork architecture with neuron level decomposition gave the
est results across the different problems. A mobile application
ramework was also presented that has the potential to efficiently
ynchronise the prediction system with smartphones taking into
ccount the challenges of over-heating and power consumption. It
as highlighted that security issues need to be death with in the

mplementation of biometric features in the mobile application.
his can give potential investors real-time information on market
ehaviour which is useful in making investments.

In future research, it would be interesting to apply the predic-
ion method to different financial problems that deal with foreign
xchange rates, interest rates, and dividend rates. Multi-variate
ime series can also be used to further improve the prediction.
urthermore, machine learning approaches such as transfer learn-
ng could be used to exploit fundamental knowledge in different

arkets that generate the time series.
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