
Parallel Implementation of an Astronomical Algorithm for a
Hybrid Computing Environment with OpenACC

Ana Luisa V. Solórzano𝑎
Advisors: Andrea. S. Charão𝑎 and Haroldo F. de Campos Velho𝑏

𝑎Universidade Federal de Santa Maria, RS, Brazil
𝑏 Instituto Nacional de Pesquisas Espaciais, São José dos Campos, SP, Brazil

ABSTRACT
Astronomy algorithms process and classify large amounts of data
about the Universe to study cosmic evolution. These algorithms
are often developed for running with sequential instructions, be-
ing computationally costly to process large data-sets. Parallel pro-
gramming is an invaluable approach to increase code performance
by reducing its execution time. Hybrid computers have become a
popular option to process costly sections of parallel programs in
accelerator devices. A well-known algorithm to classify astronom-
ical data is the Friends-of-Friends (FoF). In this work, we present a
new parallel implementation of the FoF algorithm using OpenACC
for a hybrid computing environment with CPU and GPU. The re-
sults show that the algorithm can be well explored in this context,
with an expressive performance improvement compared with the
original program for CPU. Also, during our preliminary investiga-
tions, we achieved a significant improvement when parallelizing
FoF with minimal modifications, using only compiling directives.

KEYWORDS
parallel programming, hybrid computing, astronomical algorithm,
Friends-of-Friends
ACM Reference Format:
Ana Luisa V. Solórzano𝑎 and Advisors: Andrea. S. Charão𝑎 and Haroldo
F. de Campos Velho𝑏 . 2020. Parallel Implementation of an Astronomical
Algorithm for a Hybrid Computing Environment with OpenACC. In Pro-
ceedings of ACM SRC Grand Finals. ACM, New York, NY, USA, 4 pages.
https://doi.org/10.1145/nnnnnnn.nnnnnnn

1 INTRODUCTION
To study cosmic evolution, researchers inAstronomyuse algorithms
to process data with information about the Universe. This data
comes from Telescopes observation and simulations on the Uni-
verse dynamics. With the advances in technology, Telescopes are
increasingly powerful, resulting in large data-sets to be processed.

There is a need to create high-performance algorithms to pro-
cess such data for different analysis purposes. Halo-finder is a class
of algorithms that uses computational and clusteringmethods, such
as K-Means and AMR (Adaptive Mesh Refinement), to predict the
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formation of structures in theUniverse, as galaxies, cluster of galax-
ies and superclusters [2, 11]. Some halo-finders are RockStar [1],
Amiga Halo Finder [13] and Friends-of-Friends [9].

These software are often developed by Astronomy specialists
with programming knowledge, who usually implement correct so-
lutions using sequential programming, which can be computation-
ally costly. Parallel programming is a field in Computer Science
that encourages better use of high-performance architectures to
optimize algorithm performance. The goal is to process more data
in less time by splitting a problem into smaller problems and com-
puting them in parallel.There are several libraries andAPIs applied
in textual programming languages to create parallel approaches.

AHF 1 and Rockstar2 provide sequential and parallel implemen-
tations for CPU. However, the parallel execution of AHF, for exam-
ple, does not bring a significant performance increase compared
to the serial execution. Sometimes, there are license restrictions
for access to software, and even if available, as is the case with
AHF, they lack technical information about the development of the
project and methods used, preventing reproducible analyzes [8].

Friends-of-Friends (FoF) is a percolation algorithm to identify
structures in dark matter distribution based on physical proximity
between particles that compose this dark matter. It is widely used
because of its simplicity to being implemented, receiving one pa-
rameter, and one input file [6, 16]. However, for higher resolutions,
the processing of complete data-sets can bring computational chal-
lenges.

Hybrid computing is an invaluable option for high-performance
processing, where we run costly parts of a code in accelerator de-
vices used as co-processors. Some hardware accelerators are FP-
GAs, Intel® Xeon Phi®, and GPUs. CUDA, OpenCL, andOpenACC
are some of the various tools for parallelizing programs with accel-
erators. The OpenACC standard, used in this work, is based on the
use of directives to distributed computing in a hybrid environment.

This work presents an approach to explore the use of GPUs for
a FoF algorithm parallelized with OpenACC. Our goal was to build
an algorithm without using complex data structures to be accessi-
ble to specialists in Astronomy, so they can reproduce our experi-
ments and improve the algorithm according to their needs. Our ap-
proach resulted in minimal time spent with data transferring with
a GPU usage of up to 99% to process FoF. It yields a higher speedup
compared to other implementations [3, 19], but also reveals limits,
pointing new ideas for a better approach.

1ttp://popia.ft.uam.es/AHF/Download.html
2https://bitbucket.org/gfcstanford/rockstar
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2 RELATEDWORK
High Performance Computing (HPC) is becoming a reality in scien-
tific applications of different areas such as meteorology, finances,
and astronomy [4]. Seen this, new implementations to explore the
performance on multicore architectures and support the process-
ing of large data-sets should deliver solutions accessible for scien-
tists that are not specialists in computing.

There are different approaches to process data fromN-body dark
matter simulations in Astronomy. Kaehler uses CUDA, a low-level
programming model for computing on GPUs. They implemented
an algorithm using an oct-tree structure and dynamic load balanc-
ing schemes. Their algorithm scales up to 256 GPUs and supports
TB-sized simulation in snapshot format [12].

Feng et al. presents a newhalo-finder algorithmusing the Friends-
of-Friends clustering approach to cosmological data-sets [7]. They
used a dual KD-tree correlation function and a hierarchical tree
structure. Their algorithm reduces the number of operations and
time complexity, increasing performance by reducing the code ex-
ecution time. However, they do not use parallel approaches.

3 FRIENDS-OF-FRIENDS
Friends-of-Friends is a grouping algorithm for identifying struc-
tures in the Universe according to a single free parameter (𝑙 ), that
determines the linking length between pairs of particles [10]. It
receives an input file with dark matter data sampled by a list of
particles of equal mass and three-dimensional positions.

The basic idea of the FoF is: consider a sphere of radius 𝑙 around
each particle. If there are other particles inside this sphere, they
will be considered belonging to the same group, and will be called
friends. Then a sphere is drawn around each friend and the pro-
cedure continues using the rule of “any friend of my friend is my
friend”. The procedure stops when no new friend can be added to
the group.

The sequential FoF with time complexity𝑂 (𝑁 2) used in our par-
allel implementations is presented in Algorithm 1. The value of 𝑙
is determined by 𝑏 times the mean separation between particles,
with the value of 𝑏 depending on the applications nature [5]. The
higher the 𝑙 , the lower the density contrast between particles, and
the higher the number of particles in each group [18]. We used 𝑙 =
0.1 Mpc to identify galactic halos.
for ( i = 0 ; i < N ; i ++ , k++) {

while ( i g r u [ i ] != 0 ) i ++ ;
i g r u [ i ] = k ;
for ( j = i ; j < N ; j ++) {

i f ( i g r u [ j ] == k ) {
for ( l = ( i + 1 ) ; l < N ; l ++) {

i f ( i g r u [ l ] == 0 ) {
d i s t = s q r t ( ( x [ j ]−x [ l ] ) ∗ ( x [ j ]−x [ l ] )
+ ( y [ j ]−y [ l ] ) ∗ ( y [ j ]−y [ l ] ) +
( z [ j ]− z [ l ] ) ∗ ( z [ j ]− z [ l ] ) ) ;
i f ( d i s t <= r p e r c )

i g r u [ l ] = k ;
}

}
}

}
}
Algorithm 1: Main process of the sequential FoF with time
complexity of O(N2).

4 BACKGROUND
Previous works based on the sequential FoF implementation pre-
sented on Section 3 created parallel versions using the MPI and the
OpenMP standards for parallelization on CPU [3, 14]. Still, they do
not yield significant performance improvements.

There is an implementation of a FoF with 𝑂 (𝑁𝑙𝑜𝑔𝑁 ) time com-
plexity, using an oct-tree structure with cubes of length lower than
𝑙 , using OpenMP in a post-processing section [15]. They achieved
a significant advantage at run time, but it is important to note that
their algorithm has properties that can generate overheads depend-
ing on the input data and the value of 𝑙 .

Despite using parallel approaches, none of the previous works
based on the FoF presented in Section 3 explored the use of a hybrid
computing environment. We present a novel approach by paral-
lelizing the FoF algorithm for an environment with CPU and GPU,
to develop a faster version for execute cosmological data. We in-
vestigated two approaches described in the next section.

5 METHODOLOGY
Our first approach was an initial investigation with a few mod-
ifications in the FoF code. Then, we collected information about
this execution and implemented a new FoF to explore the acceler-
ator usage. We choose OpenACC because it is a highly portable
tool to parallelize applications with compiling directives, abstract-
ing implementation details, such as interactions between host and
accelerator [17].

5.1 First investigation
We parallelized the most-inner loop in the code presented in Al-
gorithm 1, since it does not have data dependencies. We used the
OpenACC directive #pragma acc parallel that describes a region
to be accelerated in the GPU cores. We notice that the variable to
store the distance between particles should be private to avoid in-
consistencies.

To guarantee data consistency, we used directives to copy data
between devices.We performed tests using the#pragma acc copy,
to copy data from CPU to GPU before entering a parallel region,
and fromGPU to CPU before leaving, and using the #pragma acc
update device and the #pragma acc update self, that allocates
an array before entering the parallel loop, and only copy modified
values between devices during iterations.

5.2 Second investigation
Inspired by the first investigation, wewanted to optimize the use of
computational resources, exploring the memory upper bound and
minimizing data transference between CPU and GPU. We based
our strategy on the test platform available composed by one CPU
and one GPU.

Figure 1 shows our strategy, that was to construct a tessellation
of the particles considering one of their three-dimensional posi-
tion. To treat all the particles equally, we first ordered the input
file by one coordinate and divided the sheet into chunks with equal
number of particles. Each chunk is then assigned in different GPU
kernels that run the FoF sequentially. The user is responsible to set
the number of chunks by standard input.
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Figure 1: Strategy used for FoF parallelization, subdividing
the input data in GPU kernels. This example uses five ker-
nels and process particles based on coordinate X.

The main challenge of this implementation was to find an effi-
cient load balancing scheme across the GPU. The FoF algorithm is
sensitive to the particles’ positions, that is, if most particles belong
to a few groups, the processing will be much faster, and the pro-
cessor will be idle. Otherwise, if most of the particles have short
distances between them, the processor will have more work, cause
will have more particles to apply the main algorithm.

After the kernels finish processing FoF, the array with the group
indexes returns to CPU. There will be minimal data migration be-
tween devices: at the beginning, when sending the data to the ker-
nels, and at the end when returning the group indexes to the CPU.
Notice that there can be pairs of particles located in border zones,
that are treated by different kernels but belong to the same group.
So, after the CPUwaits for all the kernels to finish their processing,
it runs a post-processing to connect these groups.

The post-processing considers the distance between pairs of par-
ticles in the border zones and evaluates if it considering l as the dis-
tance limit between them. We first select the closest particle from
the boundary zone of each kernel and compare its distance with
the particles in the boundary in other kernels until finding a par-
ticle with a range higher than l, stopping the comparison, since
the following particles will have a greater distance, belonging to
different groups.

We notice that when a particle is reagrupated, it is necessary to
change the particles associated with it, to classify them as belong-
ing to the same group. This reclassification generated a new scan
in several particles, using a for loop parallelized with the OpenMP.

6 EXPERIMENTS
Weperformed experiments in a server nodewith two Intel®Xeon®
E5-2650 v3, each with ten cores and Hyperthreading, amounting
to twenty physical cores. The server has 128GB of random access
memory, and two GPUs NVIDIA Tesla K80 with 4992 CUDA cores.
For this work, we used only one of the GPUs.

To guarantee the algorithm correctness, we first run executions
with controlled data, comparing results with other FoF versions.
Since some versions handle the relabel process and others do not,

we spent time in this investigation. Our inputs data were chunks
of the total Virgo Consortium3.

We created three input files with 65,536 particles, 174,761, and
249,420.We used 200 kernels for File 1, 300 for File 2 and 600 for File
3, and percolation radius 0.1. We found the best number of kernels
by tests with each input file. We run 15 executions of each case.
To investigate the GPU and memory usage, we use the NVIDIA’s
profiler nvprof4.

7 RESULTS
Table 1 presents the execution time of the serial FoF 𝑂 (𝑁𝑙𝑜𝑔𝑁 )
implementation, the performance results of both investigations us-
ing OpenACC, and the FoF of time complexity 𝑂 (𝑁𝑙𝑜𝑔𝑁 ), which
is the previous investigation with better time performance. The
speedup was calculated considering the serial version of the FoF
𝑂 (𝑁 2). The execution of the FoF𝑂 (𝑁𝑙𝑜𝑔𝑁 ) for the larger file was
not completed due to an error of memory exceeded.

We can observe that, even bringing a small performance im-
provement, our first approach inserting OpenACC compiling direc-
tives in the sequential FoF code executed faster than the𝑂 (𝑁𝑙𝑜𝑔𝑁 )
FoF, and did not have limitations for larger inputs. Our second in-
vestigation to perform in GPU with more code modification spent
the fewer execution time for all files with a speedup of 48.9 for
processing 174,761 particles.

The speedup did not increase gradually because the FoF process-
ing varies depending on the particles’ positions. With nvprof, we
concluded that the second investigation spent less time in commu-
nication between devices for all executions. The first investigation
spent around 46% of the total time in GPU to transfer data from
CPU to the accelerator and 45% for the opposite, leaving approxi-
mately 7% the FoF. Otherwise, the second investigation spent more
than 97% of GPU usage for all inputs, with 99.8% for the file with
249,420 particles, spending only 0.15% with copies between host
and device.

Post-processing was not parallelized with OpenMP in our sec-
ond investigation executions. For our data-sets and 𝑙 of 0.1, fewer
particles were classified as friends, and thus the number of parti-
cles to be reclassified after processing in GPU was smaller, making
this parallelization costly. We found a limitation for the first and
second investigation with OpenACC, that presented memory ex-
ceeded to process inputs with more than 2.5 millions of particles.

8 FINAL REMARKS
With this work, we expect to demonstrate that high-performance
computing can be applied in many areas and that we have avail-
able tools, such as OpenACC, that can facilitate parallel implemen-
tations for novices in HPC. We presented a new version of the FoF,
an Astronomy algorithm to identify structures in the Universe, to
run in a hybrid computing environment with one CPU and one
GPU.

We evaluated our implementation using an execution profiler
for GPU and comparing our results with previous versions of the
algorithm. Our goal was to explore the use of the available GPU
cores and the memory upper bound to improve performance. Even

3https://wwwmpa.mpa-garching.mpg.de/Virgo/data𝑑𝑜𝑤𝑛𝑙𝑜𝑎𝑑.ℎ𝑡𝑚𝑙
4https://docs.nvidia.com/cuda/profiler-users-guide/index.html
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Table 1: Performance comparison of the two new investigations using OpenACC and of the previous investigation with better
time performance. The times are in seconds, and the speedup is compared with the serial FoF 𝑂 (𝑁 2).

FoF 𝑂 (𝑁 2) First Investigation Second Investigation FoF 𝑂 (𝑁𝑙𝑜𝑔𝑁 )
Number of particles Time (s) Time (s) Speedup Time (s) Speedup Time (s)
65,536 45.70 13.77 3.32 1.32 34.62 17.81
174,761 307.06 78.47 3.91 6.28 48.90 89.91
249,420 5375.83 1401.80 3.83 286.63 18.76 Memory exceeded

though our second investigation increased performance significantly,
the algorithm is limited by the input file size.

Using more computational resources, we hope to modify this
algorithm to run in a cluster, dispatching chunks of particles to
different cluster nodes, as well as for different GPU cores inside
each node. Also, as future works, we intend to investigate static
and dynamic load balancing schemes to calculate an optimal num-
ber of particles to be processed in the GPU.

This work was part of a project to develop a web Virtual Obser-
vatory for remote executions of Astronomy algorithms. Our im-
plementation is available in the environment, which is still being
building. The source code of our implementation is available on:
https://github.com/anaveroneze/acmsrc.
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