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ABSTRACT

Cross-Approximate Entropy (Cross-ApEn) is a useful measure to quantify the statistical dis-
similarity of two time series. In spite of the advantage of Cross-ApEn over its one-dimensional
counterpart (Approximate Entropy), only a few studies have applied it to biomedical sig-
nals, mainly due to its high computational cost. In this paper, we propose a fast GPU-based
implementation of the Cross-ApEn that makes feasible its use over a large amount of mul-
tidimensional data. The scheme followed is fully scalable, thus maximizes the use of the
GPU despite of the number of neural signals being processed. The approach consists in
processing many trials or epochs simultaneously, with independence of its origin. In the
case of MEG data, these trials can proceed from different input channels or subjects. The
proposed implementation achieves an average speedup greater than 250x against a CPU
parallel version running on a processor containing six cores. A dataset of 30 subjects con-
taining 148 MEG channels (49 epochs of 1024 samples per channel) can be analyzed using
our development in about 30 min. The same processing takes 5 days on six cores and 15 days
when running on a single core. The speedup is much larger if compared to a basic sequential
Matlab® implementation, that would need 58 days per subject. To our knowledge, this is the
first contribution of Cross-ApEn measure computation using GPUs. This study demonstrates
that this hardware is, to the day, the best option for the signal processing of biomedical data
with Cross-ApEn.
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1. Introduction

Approximate entropy (ApEn) is a family of statistics introduced
as a quantification of regularity in time series data [1]. It was
constructed by Pincus (1991) initially motivated by applica-
tions to relatively short and noisy data sets, as most of the
biomedical signals. In fact, ApEn can be applied to signals with
at least 50 data points and to broad classes of models. It is
scale invariant and model independent, evaluates both dom-
inant and subordinated patterns in data, and discriminates
series for which clear feature recognition is difficult [2]. ApEn
assigns a non-negative value to a time series, with larger val-
ues corresponding to greater apparent process randomness or
serial irregularity, and smaller values corresponding to more
instances of recognizable features or patterns in the data [3].

To compute ApEn, two parameters must be specified: a
run length m and a tolerance window r. Briefly, ApEn meas-
ures the logarithmic likelihood that runs of patterns that are
close (within r) for m contiguous observations remain close
(within the same tolerance width r) on subsequent incremen-
tal comparisons. ApEn(m, r, N) must be considered a family of
statistics, where N is the number of points of the time series.
Therefore, comparisons between time series must be made
with the same values of m, r and N [1]. It has been suggested
to estimate ApEn with parameter values of m=1or 2,andr a
fixed value between 0.1 and 0.25 times the standard deviation
of the original data sequence [3]. Normalizingr to the standard
deviation of each time series gives ApEn a translation- and
scale-invariance [3].

As ApEn is very well suited to analyze short, noisy data
sets, it has been widely used to study the regularity of several
kinds of biomedical signals, as heart rate [4], high frequency
electrocardiogram [5], cardiotocographic recordings [6], sur-
face electromyography signals [7], respiratory rate [8], and
plasma concentrations of growth hormone [9], insulin [10],
testosterone and luteinizing hormone [11], among others.
Despite its widely use in all these biological contexts, ApEn
has an important drawback: information is obtained inde-
pendently for each one-dimensional time series. Due to this
reason, it would not be the best option for the analysis of
multidimensional signals, like electroencephalography (EEG)
or magnetoencephalography (MEG) recordings, as the interac-
tion among channels could provide information that is lost
using this measure. Despite this limitation, ApEn has been
applied to these brain signals, both EEG and MEG, to study dif-
ferent physiological and pathological brain processes, as sleep
[12], depth of sedation [13], Alzheimer’s disease [14,15] and
epileptic seizures [16,17].

On the other hand, Cross-Approximate Entropy (Cross-
ApEn) was proposed to compare correlated sequences,
suggesting its application to physiological signals [18]. Cross-
ApEn is thematically and algorithmically quite similar to ApEn,
yet with a critical difference in focus: it is applied to two
signals, rather than a single series, and thus, measures the
statistical dissimilarity of these two time series [3]. In this
sense, Cross-ApEn describes both spatial and temporal inde-
pendence, whereas ApEn reflects only temporal irregularity
[19]. For two paired time series u and v, Cross-ApEn meas-
ures, within tolerance r, the frequency of v-patterns similar

to a given u-pattern of window length m [18]. Larger Cross-
ApEn values indicate fewer instances of pattern matches. In
spite of the advantage of Cross-ApEn over its one-dimensional
counterpart, only a few studies have applied it to biologi-
cal systems. For instance, Hudetz et al. [19] concluded that
Cross-ApEn values obtained from rats’ bihemispheric EEGs cor-
relate with the return of spontaneous motor signs but not with
the nociceptive reflex. Cross-ApEn has also been applied to
analyze concentrations of circulating leptin, luteinizing hor-
mone and estradiol in healthy women [20]. Pincus and Singer
[21] employed this measure to study the secretory patterns
of luteinizing hormone and testosterone in young and aged
healthy men. It has been also used to assess changes in the
coupling of the acceleration-EMG and extensor-flexor muscle
activity in Parkinson’s disease patients [22]. In other study [23],
Cross-ApEn was calculated for heart and respiratory rates in
schizophrenia. Finally, Alvarez et al. [24] applied Cross-ApEn
to blood oxygen saturation and heart rate signals from noc-
turnal oximetry in order to assess its usefulness in screening
obstructive sleep apnea syndrome.

If Cross-ApEn offers an important advantage over ApEn for
the analysis of brain data, why is it not used? The answer is
simple: computational cost. Computing Cross-ApEn between
only two time series is not a problem. However, if it is nec-
essary to compute Cross-ApEn for EEG/MEG data of, let’s say,
B channels, so the algorithm must be applied B x B times.
Current MEG equipments have hundreds of channels, so the
computational cost of Cross-ApEn is extremely high (specially
when long recordings from several subjects have to been ana-
lyzed). Additionally, although Matlab® is the language usually
employed for signal processing of biomedical signals, it is
not always best option when computational cost has to be
taken into account. For this reason, faster implementations
are needed if we want to analyze high-dimensional data with
Cross-ApEn.

In this paper, we propose speeding up the execution of the
Cross-ApEn measure using a Graphics Processing Unit (GPU),
making feasible to the use of the algorithm for a large number
of signals and subjects. Additionally, we present a comparison
of the performance of our proposal against a parallel version
for CPUs written in plain C language and a comparison of
performance against a basic Matlab® implementation.

Several studies in recent years have focused on the
use of GPUs for General Purpose Computing (GPGPU) [25].
Some of the first contributions to this field were related to
image processing, computer vision and artificial intelligence
tasks [26-29]. However, the number and kind of fields of
interest in which GPU computing is applied are quickly grow-
ing. Massively-parallel bio-inspired computation models have
been developed for their execution on the GPU [30-33] and
during the last years, biomedical image processing and visu-
alization on the GPU has been largely studied due to the
great performance of the GPU for processing bidimensional
and tridimensional series of data [34-36]. GPUs are flexible
enough to speed up time series analysis, thus biomedical sig-
nal processing on the GPU is receiving attention. For instance,
Konstantinidis et al. [37] used the GPU to measure skin con-
ductance level and correlation dimension on multivariate
neurophysiological recordings 30 times faster than using a
pure C language and a single-core implementation in ANSI
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C. Wilson and Williams [38] used GPUs for feature extraction
and classification in a real-time Brain Computer Interface (BCI)
system, improving its performance by at least two orders of
magnitude. Chen et al. [39] presented an approach for ensem-
ble empirical mode decomposition (EEMD) and Hilbert-Huang
transform (HHT) neural signal analysis in a massively paral-
lel multi-GPU environment. Liu et al. [40] described how to
implement MEME motif discovery on the GPU for biological
sequences analysis, reporting a speedup of an order of mag-
nitude without losing precision.

While neuroscience algorithms continue to grow in
complexity faster than the CPU performance, the use of
data-parallel methods and GPUs is becoming increasingly
important [36]. However, a little effort has been dedicated yet
to the computation of entropy measures, commonly used in
biomedical signal analysis. To our knowledge, this paper is
the first description on how to effectively speed up the com-
putation of Cross-ApEn on the GPU. In practical terms, using
our approach, computation time can be reduced from days
to minutes when compared to an optimized implementation
running on a multi-core CPU.

2. Concepts

2.1. Cross-ApEn algorithm

Cross-ApEn is a two-parameter family of statistics introduced
as a measure of statistical dissimilarity between two paired
time series [18]. It evaluates secondary as well as dominant
patterns in data, quantifying changes in underlying episodic
behavior that do no reflect in peak occurrences and ampli-
tudes [41]. To compute Cross-ApEn, it is necessary to specify
the values of the rung length m and the tolerance window r.
For two time series, u and v, Cross-ApEn measures, within tol-
erancer, the (conditional) regularity or frequency of v-patterns
similar to a given u-pattern of window length m.

Given two equally sampled sequences of length N,
u=[u(1),(2),...,u(N)] and v=[v(1),v(2),...,u(N)], the algorithm
to compute Cross-ApEn is the following [18,24]:

(1) Normalization of u(i) and v(i) into u'(i) and v'(i), according
to Egs. (1) and (2):

(2) Obtain C™(r) (similar steps to obtain C™1(r)):

(2.1) Form the vector sequences
x(@)=[u'(@),u'(i+1),...,u (i+m-1)] and
y()=[v'(),v({§+1),...,v' (j+m—1)]. These vectors

represent m consecutive u' and v’ values starting
with the ith and jth point, respectively.

(2.2) Define the distance between x(i) and y(j), d[x(i), y()],
as the maximum absolute difference of their corre-
sponding scalar components:

(). y0) = max [ufi+k-1-v(+k-1)] (3

(2.3) For each x(i), count the number of j
(=1,2,...,N—m+1) so that d[x(i), y(j)] <1, denoted as
N™(r). Then, fori=1,2,...,N-m+1, set

PO || = i) @

i T N-m+1

(3) Obtain ¢™(r) (similar steps for ¢"*1(r)), computing the nat-
ural logarithm of each C™(r) and average it over i:

N-m+1

L3 m i B
i=1

o™ (r)(v Hu) “N_m+1

(4) Finally, Cross-ApEn is defined by:
Cross-ApEn(m, r, N)(v Hu) =" (r)(v Hu) — ™ (v Hu) (6)

Itis important to note that Cross-ApEn is not always defined
because CI"(r)(v||lu) may be equal to 0 in the absence of similar
patterns between u and v. To solve this, two correction strate-
gies have been proposed [42]: bias 0 and bias max. In this study,
both correction strategies have been applied. Both strategies
assign non zero values to C"(r)(v||u) and C{"*l(r)(vnu) in the
absence of matches, as follows:

(1) Bias 0: C"(r) = C"""(r) = 1 if originally CI"(r) = CI"*'(r) =
0, and C;”*l(r) =(N-m)"" if originally C"(r)#0 and
i =o.

(2) Bias max: CT'(r) =1 if originally C"'(r) =0, and C{"“(r) =
(N —m+1)"" if originally C"**(r) = 0.

2.2. GPU computing

The Graphics Processing Unit (GPU) was originally devised to
help the Central Processing Unit (CPU) in processes related
to data visualization. Today, GPUs have evolved into Sin-
gle Instruction Multiple Threads (SIMT) architectures able to
speed up the execution of general-purpose data-parallel algo-
rithms. Computers and servers equipped with CPUs and GPUs
are considered now as powerful heterogeneous architectures
that can be programmed to speed up the execution of parallel-
data algorithms by at least one order of magnitude. In the
field of GPGPU computing, new high programming languages
such as CUDA and OpenCL are available [43]. These languages
allow scientist to program the GPUs without the need of any
knowledge about Graphics APIs such as OpenGL or shading
languages such as Cg (C for Graphics), as it used to be in the
first days of GPGPU computing [44-46].

CUDA (Compute Unified Device Architecture) is a paral-
lel computing framework created by NVIDIA that includes
some extensions to high level languages such as C/C++, giving
access to the native instruction set and memory of the parallel
computational elements in CUDA enabled GPUs. Accelerating
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an algorithm using CUDA includes translating it into data-
parallel sequences of operations and mapping computations
to the underlying resources to get maximum performance
[43,44,46).

In contrast to multiple-core CPUs, GPUs are massively
parallel processors with up to thousands of cores. To guaran-
tee automatic scalability of the algorithms to the hardware,
which is different from one GPU model or generation to
another, these cores are distributed among a variable num-
ber of Stream Multiprocessors (SMs in Fermi-based GPUs and
SMXs in Kepler-based GPUs). SMs contain dozens of cores:
32 single precision cores in Fermi-based GPUs and 192 single
precision cores in Kepler-based GPUs. Each core is capable of
running the operations described in a kernel code, associated
to a CUDA thread. Threads are grouped into blocks of threads,
which are executed on the same SM. Regardless the size of
the block, the SM schedules threads in groups of 32 parallel
threads, called warps. Computations that take place after a
kernellaunch are divided among a number of blocks of threads
called grid.

Not only has the GPU many more processors than multiple-
core CPUs, but also a higher memory bandwidth with its own
DRAM memory. On NVIDIA GPUs of compute capability 2.x
and above, the access to the global memory is cached. Also,
in any CUDA enabled GPU it is possible to use shared mem-
ory as a self-programmed intermediate cache between global
memory and SMs. Designing the kernel for the execution of
more than one block per multiprocessor helps hiding mem-
ory latency in global memory loads [43]. Another key metric to
keep the hardware busy is the occupancy, which stands for the
ratio of number of active warps per SM to the maximum num-
ber of possible active warps. The amount of shared memory
and registers is limited in a SM, thus the maximum occu-
pancy depends on the number of registers and shared memory
needed by a block. As a role of thumb it is good to keep rela-
tive high occupancy, but this does not necessarily mean higher
performance [43,46]. A proper design should exploit all the
hardware resources and optimal performance is only achieved
considering a trade-off between them. The algorithm has to
be thought for each thread individually and, at the same time,
globally for blocks and grids, taking into account aspects like
the use of shared memory, coalescence of data copies or level
of occupancy [43,44,46].

3. Methods

In this section, we describe the strategies followed to speed up
the computation of Cross-ApEn on the CPU and on the GPU. We
first start describing the sequential version of the algorithm,
which will be tested using Matlab® and C implementations.
Afterwards, we propose a simple way to speed up the compu-
tation of the algorithm based on data reutilization and valid
on every platform. Next, we describe how to parallelize the
execution of the algorithm using the GPU, starting with a
naive implementation and finishing with an approach con-
venient for biomedical signal analysis. In this latest approach,
we propose a flexible implementation able to process a vari-
able number of trials or epochs, maximizing the use of the

underlying hardware with independence of the length of the
trials.

In Section 2.1 we decomposed the computation of the Cross-
ApEn into four steps:

(1) Normalization of u and v into u” and v’ (see Eqgs. (1) and
2)-

(2) Computation of C™(r) and C™*1(r) (see Egs. (3) and (4)).

(3) Computation of ¢™(r), ¢™1(r) (Eq. (5)).

(4) Computation of Cross-ApEn (Eq. (6)).

The implementations of Steps (1), (3) and (4) are trivial for
the CPU both in Matlab® and C language. Also, these steps
can be easily parallelized for execution on the GPU, thus we
will include some comments but not a complete description
of the techniques needed. On the other hand, we will pay spe-
cial attention to the implementation of Step (2) Computation
of C™(r) and C™*1(r), for execution on the CPU and on the GPU.
Note that Step (2) of the algorithm involves applying a correc-
tion strategy such as Bias O or Bias max, described in Section
2.1.

3.1.  Algorithm on the CPU

We first start describing the sequential computation of the
Cross-ApEn in Matlab® and on the CPU. Since Cross-ApEn is
defined as a subtraction of ¢™(r) and ¢™*1(r), (6), operations
already performed to calculate ¢™(r), are repeated for ¢™*+1(r).
From the point of view of an efficient implementation, this
results in a very poor performance. Vector components in x(i)
and y(j) are accessed in different executions, thus not exploi-
ting cache locality. Additionally, computation of the distance
between different points of the signal (3), when processing
N;"*1(r), requires data comparisons that have been already
done for N™(r).

In advance to a parallel implementation of the algorithm,
we propose to optimize the steps described in Section 2.1,
removing unnecessary computations and memory accesses,
as detailed in Fig. 1. In this pseudocode, the steps necessary
to compute C;(r) (4), for m and m+ 1, are merged together. To
this end, NI"(r) and Nl?"“(r) are updated in the same algorithm
step, thus avoiding computing again distance in Eq. (3). It is
important to notice that this approach is also valid and will
be used for the parallel implementation of the algorithm on
the GPU. Implementing the pseudocode described in Fig. 1 in
Matlab® and C is quite straightforward. Moreover, the C code
can be easily parallelized for execution on multi-core process-
ors using OpenMP directives.

3.2.  Algorithm on the GPU

The three steps in which we subsumed the computation of the
Cross-ApEn algorithm, described at the beginning of this sec-
tion, can be parallelized on the GPU using different strategies.

Steps (1), (3) and (4) require global operations over every
component of the inputs called ‘reductions’ [47]. In the
first step, reductions are needed to compute the mean and
standard deviation of u and v. In the last step, they are used
for the addition of every CI"(r). Reductions are basic algorithm
building blocks for parallel processing, thus have been largely
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Algorithm 1: Cross-ApEn optimized algorithm.
u* and v* «— compute
foreach z(¢) in u* do
foreach y(j) in v* do
foreach k in k =m, m + 1 do
NF « initialize
ifi<N—-m+1andj<N-—m+1then
| & =lz(i+k—1)—y(G+k—1)
end
dfs(i), y(j)] — update
if dz(

1),y(4)] <r then
NF(r) + increment
end
end

C(r) and C"*(r) « compute
C™(r) and C*(r) « apply Bias0 or Biasmax
end

end
&™(r)(v*||u*) and @™ (r)(v*||u*) < compute
CrossApEn(m,r) < compute

Fig. 1 - Cross-ApEn optimized algorithm. The operations
needed to obtain of C" and Ci"“'1 are merged together. This
strategy is valid to speed up sequential and parallel code.

studied for optimal performance on the GPU [48,49]. Basically,
the input vector is split up into data segments. A kernel in
the GPU performs the global operation over each data seg-
ment using a block of threads. Since threads belonging to
different blocks cannot share data, partial results are stored
in global memory. After further invocations to the kernel, the
final result is obtained. Additionally, the most recent hardware
simplifies reductions using atomic operations. We encourage
the reader to review the associated literature if he or she is not
familiar with these techniques [47-49].

Step (2) of the algorithm, consisting in the computation
of C™(r) and C™(r) is the most time consuming part in any
platform. In the next paragraphs, we will discuss different
implementations of this step on the GPU.

3.3. Naive Implementation on the GPU

We will start describing a basic design of Step (2) for runningon
the GPU. In a naive implementation, it is possible to map the
computation of CrossAp-En to the GPU hardware as it is shown
in Fig. 2. Input signals u” and v" are split up into data seg-
ments that are simultaneously accessed from different blocks

u* | SEGMEN | SEGMEN | SEGMEN | SEGMEN |
T

v* | SEGMEN | SEGMEN | SEGMEN | SEGMEN |
INPUT;

OUTPUT

BLOCK 0 | BLOCK 1 | BLOCK 2 | BLOCK 3 ===~

Fig. 2 — Naive implementation of Cross-ApEn on the GPU.
Every block of threads accesses a specific segment of one of
the inputs and to every segment of the other input. The
kernel outputs C!"(r) and Ci"'"'l(r), applying the correction
strategies BiasO or Biasmax.

of threads. There are data dependencies among different data
segments. A block of threads reads a specific segment of one
of the input signals, but iterates over every segment of the
other input signal. In the figure, the arrows represent segment
accesses from a block.

Every block of threads will output to global memory a sub-
group of results. Using the same strategy described for the
implementation of the algorithm on the CPU in Fig. 1, a single
thread is used to compute C'(r) and Cim“(r). An additional
advantage is that the same thread has access to the regis-
ters containing the values required to apply the correction
strategies Bias O or Bias max. For this reason, they can be
applied without extra slow global memory reads. Notice that
for CI?"“(Y) the output is shorter than for C™(r).

A simple implementation of the algorithm consists in
reading the segments of data directly from the global mem-
ory to the registers, which are private for each thread. This
naive implementation can already run relatively fast on CUDA
devices of compute capability 2.x or greater. In our design,
the memory reads follow a convenient access pattern to
get high bandwidth performance with L1 cache. In order to
avoid non-unit-stride accesses, multidimensional input sig-
nals are stored in memory using a Structure of Arrays (SoA)
approach [45]. This allocation pattern guarantees that con-
secutive threads will read adjacent float values, thus warp
accesses to a L1 cache line of size 128-bytes are single
coalesced [43].

Anotherinteresting aspect of theimplementation is related
to the number of registers needed by the kernel. If the num-
ber of registers is higher than 63 in devices 2.x, intermediate
results may have to be spilled to a L1 cache or to the global
memory, lowering the overall performance [36,43,46]. Register
pressure causes that the greater the number of required reg-
isters, the lower the occupancy in the device. Following the
strategy depicted in Fig. 2, only 24 registers are needed, giving
a high theoretical occupancy of 32 warps per SM.

This naive approach would not have a good performance
on CUDA devices of compute capability 1.x, where the global
memory is not cached. The solution for those devices would
be using constant or texture memory, which are automatically
cached even in old GPU devices. Constant memory space is
quite small, while texture memory can hold large amounts of
data. Additionally, texture memory is optimized for 2D spa-
tial locality, what makes it very useful for computer vision
applications, among others [27]. Indeed, utilization of texture
memory for general purpose computing dates back to the first
times of GPGPU, when CUDA was not available and input and
output data had to be packed into computer graphics-related
arrays [28]. However, texture array presents a drawback: the
same thread cannot safely read and write simultaneously to
the same location of a texture. This limitation introduces addi-
tional complexity in reduction operations, needed in Steps (1),
(3) and (4) of Cross-ApEn algorithm. In this case, auxiliary tex-
ture arrays have to be used to alternate readings and writings
between input and output buffers [29].

3.4. Optimized implementation on the GPU

One of the drawbacks of the naive version is its poor scalability.
If the length of the input signals is small, then a small number
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of thread blocks is enough to compute all the data segments
in Fig. 2. Then, it might be that GPU resources are not fully
exploited. With each new version of CUDA hardware, there is
anincrease in the number of threads that can run concurrently
and in the number of multiprocessors. The number of active
CUDA blocks per multiprocessor should be large enough to
keep the GPU busy and hide memory latency. To scale to future
devices the number of blocks per kernel launch should be in
the range of thousands [43].

With the aim of maximizing the use of underlying hard-
ware, the naive implementation can be scaled to compute
simultaneously the Cross-ApEn over M different trials or
epochs of length N. Using this approach, we can maximize
hardware utilization even for small chunks of input data. This
is particularly interesting for the analysis of biomedical data,
where typically several trials are analyzed independently and
then averaged.

The scheme proposed is fully scalable and works at three
levels of parallelism: number of trials or epochs, number of
channels to be processed and number of subjects to be com-
pared. For some studies, it could be interesting to process only
a small number of channels, for a whole database of subjects.
In other studies, it could be more interesting processing all the
channels recorded from a unique subject. Our approach can
be configured to keep a large amount of Cross-ApEn compu-
tations concurrent but independent on the GPU, maximizing
the use of the hardware resources in every single kernel
launch.

This convenient approach for Cross-ApEn implementation
on the GPU is presented in Fig. 3. Here, blocks of threads
running concurrently on the GPU can be attending the com-
putation of Cross-ApEn on independent trials. To prevent that
the final values of C™(r) contribute to the final value of
Cross-ApEn, the condition IF((tid+triallength+m)&&(triallength-
m)THEN(*C2=0)) is included in the Bias O or Bias max
computation inside the kernel, where tid stands for the global
thread number and C2 is a pointer to the value C"™*1(r).

For the implementation of this approach in software, it is
convenient to maximize the data bandwidth for loads and
stores from and to the global memory. Instead of loading data
directly from global memory to the chip registers, as suggested
in the naive implementation, more efficient strategies can be
considered. The key for optimal performance consists of using

shared memory and coalesced input data segment readings
from the global memory. Once the input data is loaded, it is
possible to perform brute force measurement of the distances
in Eq. (3) taking advantage of shared memory broadcasting
capabilities.

Considering that a thread must access two different val-
ues of each input in order to compute Cross-ApEn for m and
m+ 1, there are two different approaches that can be employed
using shared memory. The first option consists in forcing
blocks to read a halo of data of size m, in which the first
m elements of the input signals needed by the next block
of threads are also loaded. In this case, the shared mem-
ory necessary per block is 2*(m+blockDim.x)*sizeof(float). The
main disadvantage of this approach is that loading the values
into the halo can require an extra memory access to global
memory and causes divergence of threads inside a warp. The
second option consists in loading also the vector sequences
x(i) and y(j) into shared memory, by shifting original u" and
v by an amount of m. Using this approach, the shared mem-
ory needed per block increases to 4*blockDim.x*sizeof(float) and
the time needed to copy the input data from the host to the
device is increased. However, the overall performance of the
algorithm is greater, since global memory load efficiency is
maximized.

3.5. MEG data

In order to show the usefulness of the proposed GPU imple-
mentation to analyze real data, Cross-ApEn algorithm was
applied to MEG recordings. Our sample consisted of thirty sub-
jects: 10 children (5 males and 5 females; mean age=10.0+1.9
years, mean =+ standard deviation), 10 adults (5 males and 5
females; mean age=31.0+ 1.4 years) and 10 elderly people (5
males and 5 females; mean age=63.4+2.2 years). Subjects
were in an awake but resting state with their eyes closed and
under vigilance control during the recording. They were asked
to avoid blinking and making movements. For each subject,
5-min MEGs were acquired with a 148-channel whole-head
magnetometer (MAGNES 2500 WH, 4D Neuroimaging) at a
sampling frequency of 678.17 Hz, and then downsampled to
169.549 Hz. Finally, epochs of 1024 samples were digitally fil-
tered using a band-pass filter (0.5-40Hz) for offline analysis
with Cross-ApEn algorithm.

| EPOCH 0

EPOCH 1 |

SEGMEN | SEGMEN | SEGMEN | SEGMEN |

u* | SEGMEN | SEGMEN | SEGMEN | SEGMEN
T T T

v* | SEGMEN | SEGMEN | SEGMEN | SEGMEN

SEGMEN | SEGMEN | SEGMEN | SEGMEN |

T\

INPUT;

Ol_.l_T_l_D_L]:uL BLOCK 0 | BLOCK 1 | BLOCK 2 | BLOCK 3 | BLOCK 4 | BLOCK 5 | BLOCK 6 | BLOCK 7 }--
e [/fem [ em | e | e [/fem | ¢ | ¢ ]
m+1 m+1 m+1 m+1 m+1 m+1 m+1 m+1

e e Je el e e [ e | ¢l

Fig. 3 - Optimized implementation of Cross-ApEn on the GPU. Different epochs of the same input signals can be processed

concurrently.
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Fig. 4 - Time comparison for CPU sequential
implementations of Cross-ApEn using C language and
running on a single core. The optimized version C(2),
implemented following the indications in Section 2.1,
obtains a relative speedup of 1.5x with respect to a basic
implementation C(1).

4. Results and discussion
4.1.  Time performance comparisons

A dataset of generated random data was generated for
measuring the performance of different Cross-ApEn imple-
mentations, both on the CPU and the GPU. All times shown in
the graphs have been averaged after 10 different executions of
the benchmarks and using NSIGHT profiling tool. These tests
were executed on a CPU Intel Xeon X5660 with 6 cores and
clocked at a speed of 2.66 GHz; and on a GPU GeForce 580 GTX
with 512 CUDA cores and clocked at 1.544 GHz.

Figs. 4 and 5 show time comparisons of different sequential
and parallel versions of the Cross-ApEn algorithm imple-
mented on the CPU using C language and on the GPU using
CUDA. All the codes are using single float precision. Fig. 4
shows a performance comparison of a basic sequential version
of the algorithm on the CPU, labeled C(1), against an optimized
sequential version implemented as proposed in Section 3.1,
labeled C(2). The figure illustrates that elapsed time is expo-
nential with an increasing number of points in the dataset and

300
250

7200

‘2150 —

E

F 100 —

Registers Halo
B Step 3 Step 2

Optimal
EStep 1

Fig. 5 - Time comparison for GPU implementations of
Cross-ApEn for steps described in Section 2.1. The times
showed correspond to the computation over 50
independent trials of size 8192. Step 2 performance varies
depending on Registers, Halo and Optimal
implementations described in Section 3.2. The latter is 43%
faster than the first.
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Fig. 6 - Performance of the proposed implementation of
Cross-ApEn algorithm for the GPU, running on a GPU
GeForce 580 GTX. The time needed for calculation scales
linearly with the number of epochs M and quadratically
with their length N.

a significant average speedup of 1.5x times is obtained using
the optimized approach.

Fig. 5 shows a comparison of three different parallel imple-
mentations of the Cross-ApEn on the GPU, according to the
details given in Section 3.2. The times showed in the graph
correspond to a simultaneous computation of Cross-ApEn over
50 different trials of size 8192. The codes used single precision.
The times include data copies back and forth between the CPU
and the GPU. The naive version of the algorithm, based on
direct data loading to the registers, was modified so that it
could be executed in parallel over M different trials of size N.

The optimized versions of the Cross-ApEn on the GPU were
30% and 43% faster, respectively using halo and shifted ver-
sions of the input loading. For all the cases showed in the
graph, the kernel launch was configured to 256 threads per
block for a theoretical occupancy of 83.3%. The GPU was con-
figured to prefer L1 cache in the Registers version, but shared
memory in the other two implementations. Pinned memory
was used in the host side to maximize memory bandwidth
utilization.

Fig. 6 shows the performance of the Optimal GPU-based
parallel version of the Cross-ApEn algorithm for different data
lengths. The time needed grows linearly with the number of
trials or epochs M and in a quadratic way with the length of the
trials N. Finally, Table 1 includes the relative speedup achieved
on the GPU in comparison with a parallel version of the algo-
rithm running on a 6-core CPU. The CPU code uses the OpenMP
library and was configured to use a different amount of cores
in different executions. The length of the data was 50 epochs
of size 8192. The proposed GPU implementation achieves a
relative speedup of 256 x when compared to an implementa-
tion of the optimized Cross-ApEn algorithm for CPU presented
in Section 3.1. Although not included in the graphs, the per-
formance of a basic implementation of the algorithm using
Matlab® was also tested. This implementation was 90 times
slower than the slowest CPU implementation C(1).

Our study agrees with previous research works, which
have reported the great importance of developing linear and
non-linear biomedical signal processing algorithms to exploit
computing capabilities of the GPU. Konstantinidis et al. [37]
studied the feasibility of using GPUs to achieve real-time
emotion aware computing measuring EEG and electrodermal
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Table 1 - Relative speedup obtained on the GPU against a parallel version running on a CPU implemented using OpenMP,

depending on the number of cores being used.

Number of cores used on the CPU 6 4 2 1
Average time on the CPU 20787.24 30354.38 60114.64 121076.80
Average time on the GPU 81.09

Relative speedup of the GPU 256x 374x 741x 1493 x

recordings acquired during emotion evocative pictures. They
proved the convenience of using GPUs for fast processing of
neuro-physiological data, using nonlinear dynamic analysis
and signal processing algorithms [37]. Wilson and Williams
[38] proposed to off-load two algorithms from BCI2000 from
the CPU to the GPU using data parallel primitives. By compar-
ing the performance of the GPU-based versions against single
and multi-threaded implementations, they showed that mas-
sively parallel processing architectures are able to improve
the performance of traditional BCI systems [38]. The adop-
tion of GPU-based approaches for biomedical data analysis
is becoming more important every day. In fact, some authors
have stated that combining CPUs and GPUs over distributed
systems will prevail in analyzing large datasets of neural data
[35,39].
4.2.  Application to real MEG data
Cross-ApEn was applied to MEG recordings described in Sec-
tion 3.3 with parameter values of m=1 and r=0.2 [3]. The end
result of computing Cross-ApEn for all pair-wise combinations
of MEG channelsis a B x B matrix with B =148 (number of chan-
nels), where each entry B;; contains the Cross-ApEn value for
channelsiand j. Fig. 7 illustrates the averaged Cross-ApEn val-
ues estimated at each group for all the pair-wise combinations
of MEG channels. This figure shows that Cross-ApEn values
increase as a function of age for all channels combinations.
A comparison between “Children group” and “Adults
group” revealed an increase of Cross-ApEn values from child-
hood to adulthood. Additionally, differences were statistically
significant at 67.34% of the 148 x 148 MEG combinations (p-
values <0.01, Kruskal-Wallis test). These changes suggested
that a significant increase in dissimilarity values takes place
during the maturation period. Our results agree with previous
studies [50-54]. For instance, Meyer-Lindenberg [53] suggested

a marked increase in complexity during human brain devel-
opment. This jump in the brain dynamics complexity during
puberty was confirmed in [50]. On the other hand, spectral
studies have reported maturational changes in the EEG activ-
ity [50,52]. Dustman et al. [51] computed spectral amplitude,
amplitude variability and mean frequency from 222 healthy
males, concluding that the main changes occurred during
infancy. Finally, large increases in connectivity in alpha, theta
and beta frequency bands were found from childhood to ado-
lescence [54].

We also analyzed entropy results in elderly people in com-
parison with adults group. Our findings showed that MEG
signals from different channels are less similar among them in
elderly subjects than in younger people. We found statistically
significant differences only in 14.86% of the 148 x 148 MEG
combinations (p-values <0.01, Kruskal-Wallis test), which sug-
gests that brain changes are more subtle during middle ages
that during maturation period. These results are in agreement
with previous studies that have analyzed the spontaneous
EEG/MEG activity across the life span using other nonlinear
measures, such as correlation dimension or Lempel-Ziv com-
plexity [50,55].

The execution time required for these analyses (30 sub-
jects; 148 channels for each subject; 49 epochs per channel)
was 30 min using the GPU implementation of Cross-ApEn. The
CPU version implemented for the tests takes 5 days run-
ning on a six-core processor to deliver the same output. Of
course, these results have to be taken with care. Although
the CPU algorithm implementation tested here considers data
reutilization in the same manner as the GPU implementa-
tion, multi-core programming was done using OPENMP library
directives, while other techniques could be applied. Also, our
performance tests concluded that it would be not feasible
to analyze these data using our sequential Matlab® imple-
mentation of the algorithm. Matlab® is a widely used tool in
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Fig. 7 - Average Cross-ApEn values for (a) children, (b) adults and (c) elderly people.
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biomedical applications, and a very useful environment for
rapid prototyping. However, the basic implementation devel-
oped for Cross-ApEn calculation needs an estimated time of 4.8
years to process the same database.

5. Conclusions

In this paper, we introduced a fast parallel implementation
of Cross-ApEn algorithm using GPU for signal processing of
biomedical data. This proposal is highly innovative since it is
the first description on how to effectively speed up the compu-
tation of Cross-ApEn on the GPU. Due to the high computational
cost of some algorithms commonly employed in biomedical
research, such as Cross-ApEn, the use of data-parallel meth-
ods and GPUs is becoming increasingly important in the last
years [36]. Our GPU-based proposal will allow analyzing EEG
and MEG data using Cross-ApEn for helping in the diagnosis of
brain diseases.

The performance of our implementation reduces the time
needed to compute Cross-ApEn by a factor of almost 1500x
with respect to a single core CPU and by a factor greater than
250x when compared to a CPU equipped with 6 cores. Reduc-
tion of time is even larger when compared to a pure Matlab®
implementation. This study is only a first step for speed-
ing up the computationally intensive algorithms frequently
used for the analyses of big amount of data, as biomedical
recordings. The proposed GPU-based design can be further
extended to compute other entropy algorithms, such as Cross-
Sample Entropy and Cross-Fuzzy Entropy [42,56].

Using real data, the proposed implementation needs only
around 1min to process MEG data of 148 channels (49 epochs
of 1024 samples). Therefore, a database of 30 patients can be
processed in less than 30min, whereas in a high-end CPU
equipped with six cores, processing the same database takes
5 days. A very basic Matlab® implementation running on a
single core would have taken an estimated time of 4.8 years.
In sum, our GPU implementation will allow analyzing big
amount of biomedical time series with Cross-ApEn much faster
than with CPU or Matlab® implementations.
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