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ABSTRACT
Genetic information is increasing exponentially, doubling every 18 months. Analyzing this information within a reasonable amount of time requires parallel computing resources. While considerable research has addressed DNA analysis using GPUs, so far not much attention has been paid
to the Intel Xeon Phi coprocessor. In this paper we present an algorithm for large-scale DNA analysis that exploits the thread-level and the SIMD parallelism of the Intel Xeon Phi coprocessor. We
evaluate our approach for various numbers of cores and thread allocation affinities in the context
of real-world DNA sequences of mouse, cat, dog, chicken, human and turkey. The experimental
results on Intel Xeon Phi show speed-ups of up to 10× compared to a sequential implementation
running on an Intel Xeon processor E5.
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Introduction

There is a growing interest in molecular biology community to understand the information that is encoded within the Deoxyribonucleic Acid (DNA) sequences of each organism
[AAB06]. A DNA sequence contains specific genetic instructions that make the living organisms function in a proper way.
Discovery of differences and similarities of organisms and exploration of the evolutionary relationship between them, often require comparisons of the corresponding DNA sequences. Examples include: checking whether one sequence is a sub-sequence of another,
or finding a sub-sequence that appears in the same order in both DNA sequences [Ben00].
The process of searching for certain sub-sequences of length k, so called k-mers, is performed
with pattern matching algorithms.
According to Benson et al. [BCC+ 13] the number of DNA sequences and nucleotide bases
in these sequences is doubling every 18 months. Real-world DNA sequences comprise several Gigabytes and the process of extracting the important information demands the adequate use of parallel computing resources to be completed within a reasonable time. A
quick DNA analysis may have a decisive role in many applications including: preventing
the evolution of different viruses and bacterias during an early phase [CGGG03]; early diag1
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nosis of genetic predispositions to certain diseases (such as, cancer, cardiovascular diseases)
[MHC+ 11]; and DNA forensics (such as, parentage testing, criminal investigation) [LR00].
Related research has addressed extensively DNA analysis using GPUs [LLCC13, KM09,
BAA+ 13, TV10]. So far not much research was focused on DNA analysis using pattern
matching algorithms designed specifically for the Intel Xeon Phi coprocessor.
In this paper, we present a Finite Automata (FA) based parallel algorithm for DNA analysis that is designed to exploit the thread- and data-level (SIMD) parallelism that is available
on the Intel R Xeon Phi coprocessor and is optimized using different algorithmic strategies.
An empirical evaluation of our algorithm is performed with real-world DNA sequences of
different living species. The results show speedup of up to 10× compared to the sequential
version of the algorithm running on Intel Xeon E5 CPU.
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Approach

The key features of our algorithm and implementation for parallel DNA analysis on Intel
Xeon Phi are: (1) decomposition of the input DNA sequence across the available threads, (2)
exploiting the SIMD parallelism, and (3) reducing the memory references using a suitable
representation for the State Transition Table.
Figure 1a illustrates our thread-level parallelization strategy based on domain decomposition, which means the input DNA sequence
is evenly split into chunks among the available
threads. We use an overlapping approach of m −
1 to match the occurrences of patterns that cross
the chunks boundaries, where m represents the
pattern length.
With respect to the SIMD-parallelism our algorithm implementation uses the potential of
the 512-bit vector registers of the Intel Xeon Phi
architecture for the transition function of FA.
Our algorithm exploits vector units of Intel Xeon
(a)
(b)
Phi, by splitting the chunks further into v parts,
Figure 1: Thread-level and SIMD paral- where v represents the vector length. The oplelism; (a) splitting the DNA sequence erations (such as, determining the next state ,
into chunks; (b) vectorization of the tran- or identifying the final states) are performed on
sition function.
multiple data points simultaneously. Figure 1b
illustrates an example of the vectorized transition function (δ) with respect to the input from Fig. 1a. Assuming that the vector length
is four, the first SIMD δ operations will be performed on the characters at positions 0, 4, 8,
and 12 of the input, while in the second iteration the SIMD operations are performed on the
characters 1, 5, 9, and 13, until the end of the input is reached.
Furthermore, algorithmic optimization strategies are used to achieve high performance,
such as: (1) eliminating the failure transitions from the AC FA to avoid the drawback of the
non-deterministic transitions [MP14], (2) using ASCII representation of the Transition Table
to reduce the memory references by trading off memory space with access speed, and (3)
reordering the number of final states to simplify the process of identifying the final states.
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Results

We evaluated our algorithm on the Intel Xeon Phi 7120P with different number of threads
using the real-world DNA sequences of mouse (2.7GB), cat (2.4GB), dog (2.4GB), chicken
(1GB), human(3.2GB) and turkey(0.2GB). Furthermore, we have varied the threads affinity,
by allocating the threads under compact, balanced, and scatter mode.
From the results of varying thread allocation types, we obtained that for 240 threads, the
balanced mode is the fastest one for all tested DNA sequences. Therefore, the performance
data for scalability (Fig. 2) and the speedup (Fig. 3) is collected for the balanced thread affinity
mode.

Figure 2: The scalability of our algorithm
on the Xeon Phi for various number of
threads and problem sizes.

Figure 3: Speedup of our algorithm with
respect to a sequential version running
on an Intel Xeon E5-2695v2 CPU.

Fig. 2 shows the scalability of our algorithm when we increase the number of threads on
the Intel Xeon Phi coprocessor. Our algorithm scales well up to 120 threads for most of the
tested DNA sequences. Increase of the number of threads to 180 or 240, results with a modest
performance improvement due to the thread management overhead. The performance gain
when using a larger number of threads is higher for larger DNA sequences. Thus the best
scalability we observe for the human DNA sequence, which is the largest DNA sequence
used in our experiments.
Fig. 3 presents the achieved speedup. The maximal speedup of 10× is achieved for the
human DNA sequence using 240 threads compared to a sequential version running on an
Intel Xeon E5-2695v2 CPU.
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Summary and Future Work

In this paper we have presented an approach for accelerating DNA analysis using the Intel
Xeon Phi coprocessor. The proposed parallel algorithm is based on finite automata and is
used for counting and extracting the location of k-mers in a DNA sequence. Our approach
exploits the thread-level and SIMD parallelism of the Intel Xeon Phi coprocessor, and therefore it is suitable for large-scale DNA sequences. Experiments with real-world data-sets of
several GB demonstrate that the algorithm scales well with respect to various numbers of
threads and problem sizes. The best scalability we observed for the human DNA sequence,
which was the largest DNA sequence used in our experiments.

Future work will address the DNA analysis on the upcoming generation of the Intel Xeon
Phi coprocessor known as the Knights Landing.
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