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ABSTRACT

Due to exponential growth in the size of genomic databases,
traditional techniques of sequence search proved to be slow.
To address the above problem, an open source and parallel
version of BLAST called mpiBLAST was developed by the
programmers. In mpiBLAST, the master process distributes
the database fragments among worker nodes to compute the
sequence search in parallel. As merging and writing of the
results is done sequentially by the master process, it would
create performance bottleneck with increasing number of
processors and varying database sizes. To handle this high
non-search overhead, mpiBLAST-PIO was introduced. This
paper describes the optimized and extended version of
mpiBLAST called mpiBLAST-PIO. The goal of this research
was to investigate the performance of parallel implementation
of BLAST in comparison to sequential NCBI-BLAST by
measuring Speedup and efficiency on HPC platform using
Infiniband. Different options of mpiBLAST-PIO were
activated that helped in understanding the optimal parameters
for achieving highly scalable parallel BLAST implementation.
The results found that parallel-writing of the results, can
evolve as an efficient solution when high-performance
parallel file system is available.
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1. INTRODUCTION

Today,genomic sequence search is one of the most important
and basic problem in computational biology. Sequence
comparison, also called sequence alignment refers to the
procedure of comparing two or more biological sequences by
searching for a series of characters that appear in the same
order as in the input sequences. The goal of sequence
comparison is to determine the regions of similarity between
two genetic sequences. The similarities between newly
discovered sequence and sequence of known functions can
help in identifying functions of new sequence and find sibling
species from a common ancestor.

The alignment of two sequences (pairwise alignment) requires
different types of algorithms. The algorithms used can be
dynamic programming based or heuristic based. Dynamic
programming based algorithms generate optimal solutions but
are computationally intensive so impractical for a large
number of sequence alignments. E.g. Needleman—-Wunsch
algorithm and Smith—Waterman algorithm. To reduce the time
complexity, heuristic based algorithms are used that generate
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a near-optimal solution. Heuristics are approximation
algorithms. E.g. BLAST, FASTA.

1.1 BLAST Algorithm

Basic Local Alignment Search Tool (BLAST) proposed by
Altschul et al searches a query sequence containing
nucleotides (DNA) or peptides (amino acids) against a
database of known nucleotide or peptides sequences. A
scoring matrix is usually used to estimate the statistical
probability of the match/mismatch at each position in the
sequence. Penalties are also assigned on introducing and
extending gaps in the alignment. The most widely used
scoring matrices are Percent Accepted Mutations (PAM) and
Blocks Substitution Matrix (BLOSUM). BLAST's final result
consists of a series of local alignments, ordered by the
similarity score along with an e-value. Databases in BLAST
are in fact text file in FASTA format. Factors affecting the
BLAST performance are query batch size, database size and
search sequence length. BLAST program can search
sequences against database, with on-the-fly translations.
BLAST search types are:

i.  blastn: search nucleotide database using a nucleotide
query.
i.  blastp: searches protein database using a protein
query.
iii.  blastx: search protein database using a translated
nucleotide query.
iv.  tblastn: search translated nucleotide database using a
protein query.
V.  tblastx: search translated nucleotide database using a
translated nucleotide query.

With the exponential growth in the size of sequence
database’s searching database that can not fit in the main
memory became a serious performance issue. This prompted
the researchers to develop a parallel algorithm to keep pace
with the current rate of sequence acquisition. As BLAST is
both computationally intensive and parallelizes well, many
parallel and distributed approaches of parallelizing BLAST
have been proposed.

Main approaches of Genomic Sequence Search Parallelization
are:

i. Hardware Parallelization: It is implemented during
the sequence alignment stage by representing search
space as a matrix. e.g. Bioscan. Tera-BLAST.

ii. Query Segmentation: In this, the entire database is
replicated on each compute node local storage
system and individual nodes concurrently search
subsets of query against whole database. But if the
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database to be searched is larger than core memory
than query segmentation search suffer from
excessive disk 1/0.

iii. Database Segmentation: Database segmentation
permits each node to search a smaller portion of the
database (one that fits in the main memory),
eliminating disk 1/0 and vastly improving BLAST
performance.E.g. TurboBLAST, mpiBLAST,
Bioinformagic, BeoBLAST and parallelBLAST.

1.2 Parallelizing BLAST using MPI
1.2.1 mpiBLAST Algorithm

mpiBLASTis an open-source parallelization National Center
for Biotechnology Information (NCBI) BLAST based on
database segmentation. It is designed to work on a computer
cluster using MPI library and adopts a master-slave style.
mpiBLAST provides a tool called mpiformatdb, a wrapper,
which integrates the database formatting and partitioning of
the tasks. The master is responsible for broadcasting query
sequences, assigning database fragments to worker nodes, and
merging search results from worker nodes. The workers
process the queries and send back the results to master.
Whenever one of the slaves completes the task and reports to
be idle, the master assigns a new fragment to it. Once the
master receives results from all the workers for a query
sequence, it calls the standard NCBI BLAST output function
to format and print results to an output file in any format
including XML, HTML, tab-delimited text, and ASN.1.

As more slaves are added for computation, it becomes
difficult for the master to handle all the output results. To
address this problem pioBLAST was introduced which greatly
improved the performance by parallel- writing of the output
results [8]. One of pioBLAST's main updates was the caching
of sequences by worker nodes as they find potential
alignments in their partial results [3]. As a result, some of its
enhancements were added to mpiBLAST which are available
since release of version 1.6. mpiBLAST-PIO is an optimized
and extended version of parallel and distributed-memory
version BLAST. The extensions include a virtual file-
manager, a ‘“multiple master” runtime model, efficient
fragment distribution and intelligent load balancing[2, 16].

In this paper, the parallel computation model is based on
mpiBLAST-PIO  algorithm  (latest version), database
segmentation, query sequence distribution and master-worker
paradigm using MPI-10. This paper discusses and analyzes
the parameters of mpiBLAST-PIO on HPC Cluster to estimate
the performance of parallel version of BLAST as compared to
the serial NCBI-BLAST.

2. MATERIAL & METHODOLOGY?2.1

Cluster Hardware

All the experiments were run on a HPC Linux cluster installed
at Data Centre of SEEIT, PAU. The cluster is composed of 40
compute nodes, each with two hexa-cores Intel, Xeon 2.93
GHz processors (total 480 processing cores), 12 MB cache, 50
GB RAM. Two head nodes, each with two quad-core
processors and 32 GB RAM are used to manage the cluster.
The intercommunication network between the computing
nodes consists of 40 Gbps Infiniband network, allowing for
highly efficient message passing. The cluster consists of two
10 Gbps Ethernet switches and five Infiniband Host channel
adapters that supports 4 x QDR.
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2.2 Software

The Operating System running on the nodes is RHEL Server
5.6 with the 2.6.18-238.el5, 2.6.18-238.el5xen kernel. The
cluster includes IBRIX parallel File System, the software
component of the IBRIX is combined with the HP X9000
series of storage systems. There are three MPI
implementations available in HPC cluster: OpenMPI, Intel
MPI and MPICH2. Among these Intel-MP1 was chosen for
the experiment. To manage the MPI jobs, PBS-
PROFESSIONAL 12.0.1 job-scheduler was used. All the
mpiBLAST jobs were submitted through PBS-Scripts. The
latest version of mpiBLAST-1.6.0 available at mpiBLAST
website was compiled and installed. NCBI-BLAST was
compiled from version 2.2.20, downloaded from the ftp site of
NCBI.

2.3 Experiment Data

9.38 GB (in compressed form) nr database was downloaded
from the NCBI-BLAST website. Database used in BLAST
was in text file FASTA format. The formatting and
partitioning of the database into 24 segments, 48 segments, 96
segments and 192 segments of approximately equal size was
done by the command ‘mpiformatdb’. In this experiment, 200
nucleotide sequences of BADH were used as query file of size
240 KB. The computational model was based on data
parallelism, utilizing master-worker paradigm and MPI-10
was used for data exchange between parallel-processes which
were scheduled to run by PBS.

3. RESULTS & DISCUSSIONS

All the graphs presented in this paper describe the
performance of blastx (querying a nucleotide sequence against
a protein database), using nucleotide BADH query file against
the protein nr database on High Performance Linux Cluster.
As a general goal, parallel performance parameters (execution
time, Speedup, efficiency) were estimated experimentally.

3.1Parallel-write v/s Master-write

As a significant portion of the non-search fraction of the total
Blast runtime is dependent on the writing of the results, test
was conducted to compare the writing performance of
mpiBLAST on a high performance parallel file system. In
case of master-write, the master process receives the sequence
data from the slaves that they have cached in their buffers and
writes the output file sequentially. When parallel-write is
activated, the slaves become responsible for writing the output
file in parallel, in the offsets designated by the master.

Figure 1 shows the execution time taken by the master-write
as compared to parallel-write option when run with 24
database fragments. The graph in figure 1 depicts that
parallel-write is faster than master-write as number of
processes increases. Parallel-writing of the results by the
slaves can evolve as an efficient solution to the problem of
1/0. The graph below gives a clear picture that with increase
in the number of cores the difference in execution time of
master-write and parallel-write is significant. Parallel-write
outperform master-write when mpiBLAST was executed up
to 384 cores i.e. 64 processors.
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Table 1: Execution time (in sec) of mpiBLAST with
different writing options

No. of cores Master write Parallel write
24 cores 7916.64 7674.17
48 cores 2840.03 2646.40
96 cores 1501.87 1352.45
192 cores 1005.02 783.264

24 database slices
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no. of cores

Fig 1: Comparison of writing performance of mpiBLAST

3.2 Load Balancing

In this test, the behavior of mpiBLAST regarding the
distribution of its fragments among slaves was observed and
the effects of different rates between the number of processes
and the number of fragments were analyzed. In this study, the
sequence-search was performed on 24 cores up to 192 cores
and the number of fragments was raised progressively from
24 to 192 to find the best fragment number in which database
be divided to achieve improved performance. In each case, the
number of fragments was either equal to or an integral
multiple of the number of slaves.

From the figure 2 below, it can be observed that segmenting
database into 24 fragments was an adequate option. It was
observed that when the number of fragments increased, both
the search and non-search time increased. As the size of the
fragment to be searched per processor became very small, the
result combination step became greater than the actual search
time.

Table 2: Execution time (in sec) of mpiBLAST parallel-
write on different database fragments.

No.of 24 cores | 48 cores | 96 cores 192
fragments cores

24 fragments 7674.17 | 7690.24 | 7741.61 | 7828.48

48 fragments 2646.40 | 3920.56 | 4003.93 | 4741.76

96 fragments 1352.45 | 157211 1983.3 | 2508.38
5

192 fragments | 783.264 | 791.789 | 838.224 | 1053.5
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Fig 2: Execution time for different fragment size

3.3 Query-Distribution

mpiBLAST-PIO provides the ability to segment query
sequence file and distribute the sequences among processes by
using the option --use-segment-size available in mpiBLAST-
1.6 .In mpiBLAST-PIO, the master node reads the query file,
counts the number of sequences and distributes them to the
workers and then writes to a temporary file for each worker.
In this test, the master process fetches five sequences at a
time. This experiment was conducted to compare the
performance of mpiBLAST with parallel-write and
mpiBLAST parallel-write along with query-segmentation.
The experiment was executed on 24, 48, 96, 192 number of
fragments and number of processes were increased from 24
cores to 192 cores. The graph shown below indicates the
results obtained after running the above experiment.

24 database slices
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(75 ]
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g Mparallel-write+query-
£ segment-size=5
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c
°
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=
(&)
)
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24 48 96 192
no. of cores

Fig 3: parallel-write v/s parallel write + query-distribution
time with 24 fragments
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Fig 4: parallel-write v/s parallel write + query-
distribution time with 48 fragments

96 database slices
W parallel write only

10000 -~
bt
; 8000 - Bparallel write+query-
o segment size=5
£ 6000 -
=
S 4000 -
=]
3
$ 2000 -
L
d
0 =
24 48 96 192
no. of cores

Fig 5: parallel-write v/s parallel write + query-distribution
time with 96 fragments
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Fig 6: parallel-write v/s parallel write + query-distribution
time with 192 fragments

After analyzing the above given four graphs, it was found that
query-segmentation improved the performance only when the
number of cores became equal to or greater than the number
of fragments. The test results conclude that the execution time
of query-distribution was more in comparison to the parallel-
write till the number of cores was less than number of
fragments after this point execution time started decreasing.
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3.4 Multiple Masters

By activating the --partition-size flag of mpiBLAST-PIO,
performance of hierarchical scheduling with multiple
masters33 was evaluated. A second level of management was
introduced, in which the number of workers can be limited for
the master by creating groups of nodes containing one master
for each group working on separate query sequences. So as to
prevent the groups from waiting for the queries from the
SuperMaster, a minimum number of queries to distribute
among the group masters were set using the option —query-
segment-size. In this experiment, the query-segment-size was
set to 5. Values of the tables given below are plotted in graph
Figure 7 for analysis.

Table 3: Execution time (in sec) of mpiBLAST-PIO with
multiple masters on 24 cores

No. of database | partition-size= 12 | partition-size= 24
fragments

24 fragments 6948.69 7913.56

Table 4: Execution time (in sec) of mpiBLAST-PIO with
multiple masters on 48 cores

No. of database | partition-size= 24 | partition-size= 48
fragments

24 fragments 2646.39 3005.39

Table 5: Execution time (in sec) of mpiBLAST-PIO with
multiple masters on 96 cores

No. of database | partition-size= 48 | partition-size= 96
fragments

24 fragments 1209.01 1387.65

Table 6: Execution time (in sec) of mpiBLAST-PIO with
multiple masters on 192 cores

No. of database | partition-size=96 | partition-size=
fragments 192
24 fragments 684.809 687.195
9000 - M 24-cores
— 8000 -
L5
Q 7000 A W 48-cores
£ 6000 -
o 5000 - 96-cores
€ 4000 -
'-g 3000 - H 192-cores
s 2000 -
=]
Q& 1000 -
5 0 A T T T .| ._\
12 24 48 96 192
partition-size

Fig 7: execution time of mpiBLAST when number of
database fragments =24
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After analyzing the figure 7, it was observed that the
performance of mpiBLAST-PIO was improved when the
partition-size was set to half the number of cores. The
execution time increased when partition-size was equal to
number of cores (MPI processes) as larger partition sizes
overburden the master process with increasing loads of
scheduling and output coordination, and incurs higher parallel
overhead.

3.5 Speedup

The Speed-up is defined and evaluated as the ratio of the time
for executing the sequential code of NCBI-BLAST on single
core to the time of execution of parallel algorithm
mpiBLAST-P1O with parallel-write enabled.

100 - Speedup=T1/Tp 24frag
80 === 438 frag
% °0 96 frag
B 40 -
4 e 192 frag
“ 20 -
0

24 48 96 192
no. of cores

Fig 8: Speedup

With this graph in figure 8, it is possible to observe that
execution of mpiBLAST-PIO on 24 fragments was super-
linear. The performance gain significantly improved when
number of processes were raised from 96 to 192 (32 number
of processes). The diagram presents that mpiBLAST scaled
well up to 192 processes.

3.6 Efficiency
Table 7: Efficiency

p 24 frag 48 frag 96 frag 192 frag
24 0.352204 | 0.351468 0.349136 0.345262
cores
48 0.510669 | 0.344705 0.337528 0.285008
cores
96 0.499626 | 0.429815 0.340704 0.269384
cores
192 0.431348 | 0.4267038 | 0.4030657 | 0.3207018
cores

The above given Table 7 shows the maximum efficiency
achieved, in case of 24 database fragments searched on 48
numbers of cores. Afterwards, it started decreasing. In case of
searching 48 database fragments, best efficiency was achieved
on 96 cores. In 192 fragments, efficiency improved up to 192
cores. From the table, it can be concluded that performance
was enhanced when number of fragments to be searched were
executed on double the number of processing cores.
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4. CONCLUSION

In this research, several experiments of mpiBLAST-PIO were
performed with different options activated, to achieve high
performance parallel BLAST implementation. As a general
goal, parallel performance parameters like execution time,
speed-up and efficiency were estimated experimentally. Tests
were conducted to compare the writing performance of
mpiBLAST using IBRIX parallel file-system. The results
showed that, option —use-parallel-write provided performance
gain as compared to master-write. This study also investigated
that large number of database fragments executed on different
number of processors degraded the performance of sequence-
search, where number of fragments were equal to or integral
multiple of the number of slaves. In this study, extensive
performance evaluation was carried out on hierarchical
architecture using different partition-size on different number
of processes. Different techniques of handling 1/0 by using
MPI1 1/O interface, efficient database distribution, query-
segmentation, load-balancing and multiple-masters strategy
showed improvements. This study demonstrated that
mpiBLAST-PIO scaled well up to 192 MPI processes (32
processors). In this research, maximum efficiency achieved

was 51% when 24 fragments were searched on 48 cores.
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