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Abstract. Due to their importance for computational biology, the methods and algorithms for multiple alignment of
biological sequences have been the subject of continuous intensive research and innovation in the last 30 years. Within a
PRACE research project we have designed and implemented metaheuristic algorithm for massively parallel MSA and
based on it parallel software tool MSA_BG that has been ported on the European supercomputer Juqueen. In this paper we
have investigated the Quality of Solution (QoS) of the parallel algorithm MSA_BG for multiple alignment of biological
sequences on GPU-accelerated computing infrastructure based on 3 synthesized benchmarks of genetic sequences
comprising the 8 segments of the swine virus AH1N1, the 9 genes of the severe acute respiratory syndrome coronavirus 2
isolate SARS-CoV-2/human as well as the human genes BRCA1 and BRCA? associated with the breast cancer issue. The
analysis of the experimental results show that the QoS of the individual runs fall in the range of F 10%, except for the case
study of BRCAL and BRCA2 where the range is within +1%.

THE PROBLEM AREA

Comparative analysis of molecular sequence data is essential in computational biology to reconstruct the
evolutionary histories of species and to determine the nature and extent of the selective forces that shape the evolution
of genes and species. Due to their importance, the methods and algorithms for multiple alignment of biological
sequences [1] have been the subject of continuous intensive research and innovation in the last 30 years. Considering
that multiple sequence alignment (MSA) is a NP - hard problem there exist a wide spectrum of exact and approximate
algorithms for solving it such as algorithms based on dynamic programming, progressive alignment, iterative methods,
consensus methods, maximum parsimony, alignment by blocks, heuristic and optimization methods. Practically, MSA
is a combinatorial optimization problem [2] characterized by the effect of “combinatorial explosion™ i.e. the increase
of data size results in drastically exponential increase of computational time. In [3] an innovative parallel algorithm
MSA_BG for multiple alignment of biological sequences that is highly scalable and locality aware has been proposed.
The designed MSA_BG algorithm is iterative and is based on the metaphor of Artificial Bee Colony metaheuristics
and the concept of algorithmic and architectural spaces correlation. In [4] we have presented experimental results for
parallel performance and scalability evaluation of the parallel software tool MSA_BG based on the designed algorithm
and ported on the European supercomputer JUQUEEN (PRACE project) which have shown speedup up to 70 times
for 107 iterations and machine size of 512 computing cores. In [5] we have revealed the experimental results of code
optimization of multiple sequence alignment software tool MSA-BG on GPU-accelerated computing infrastructure
that have shown the estimated speedup of MSA_BG_CUDA versus MSA_BG_ABC (12 threads) for the case study
of the swine virus dataset (H1N1) for 1000 iterations is up to 2.5.



The goal of this paper is to investigate the convergence and to estimate the Quality of Solution (QoS) of the parallel
algorithm MSA_BG for multiple alignment of biological sequences based on 3 synthesized benchmarks of genetic
sequences comprising the 8 segments of the swine virus AH1N1, the 9 genes of the severe acute respiratory syndrome
coronavirus 2 isolate SARS-CoV-2/human as well as the human genes BRCA1 and BRCA2 associated with the breast
cancer issue.

METHODOLOGY FOR ESTIMATING PERFORMANCE AND QUALITY OF
SOLUTION OF PARALLEL METAHEURISTICS ALGORITHMS

Due to the complexity of the problems and the limited computational resources for solving them (time, memory),
the development of metaheuristics has become a major area in operations research. Metaheuristics ensures the finding
of optimal or suboptimal solutions in a reasonable time. The main goal of metaheuristics is to solve combinatorial
optimization problems, which are generally multidimensional and complex, using models represented by discrete
variables. Metaheuristics provides strategies to guide the randomized search process, and the goal is to effectively
explore the search space to find optimal or sub-optimal solutions within reasonable computational time. Metaheuristic
algorithms are universal, approximate and usually nondeterministic. The basic concepts of metaheuristics can be
described on an abstract level and are not related to solving a specific problem. It requires a dynamic balance between
the use of two fundamental concepts: diversification and intensification. Diversification provides exploration of as
many areas of the search space as possible. Intensification implies the use of the accumulated experience in the search,
which in turn saves time not to check already researched solutions and allows the search to be concentrated in areas
with good quality solutions. The balance between the two concepts is crucial - on the one hand for the rapid
identification of areas of the search area with high quality solutions, and on the other hand - to limit the search time
in areas with low quality solutions or to avoid repeated search in already searched areas. In this context, of particular
importance in meta-heuristics are the exploration of new areas that have not been explored and the use of the
experience gained from previous exploitation, which is stored in a certain type of memory. The metaphor used in
parallel metaheuristics is as follows: the search space is determined by the combination of the specific problem to be
solved, the neighborhood relations, and the guiding function.

Population based methods use concepts and models inspired by nature. Consequently, iterative metaheuristic
algorithms are created, and at each iteration many solutions (populations) are analyzed. Artificial Bee Colony
metaheuristics is actually a SWARM intelligence algorithm based on the model of the distributed intelligent collective
behavior of bees. SWARM metaheuristics use agents that can be simple or complex, with training, adaptive,
recompiled, reactive or planned, with or without internal states, stochastic or deterministic, fully decentralized, or can
use a form of centralized management. Common to all algorithmic frameworks is that agents interact (communicate).

The main objectives of the experimental study of parallel metaheuristic algorithms are verification (testing the
performance of the parallel algorithm), evaluation of performance, scaling and quality of solutions of the parallel
algorithm (based on statistical analysis). A major problem is the development of a methodological framework for the
experimental evaluation of parallel metaheuristics. The aspects of evaluation include the design of the experiment, the
discovery of good sources of data sets, the measurement of algorithmic performance in a meaningful way, meaningful
analysis and a clear presentation of the results. The metrics to assess the performance of parallel metaheuristics are
execution time, speedup, and efficiency. Execution time is measured on a wall clock basis (including the time for
additional costs, as they reflect the cost of parallelisms). The most important measure for the parallel algorithm is the
speedup - the ratio of the sequential execution time to the parallel execution time S, = T1/T,, where n is the number of
processors. However, this measure is not applicable to metaheuristics due to the nondeterministic nature. In parallel
metaheuristics, acceleration is defined as the ratio of the mean time for serial execution to the mean time for parallel
execution.

Snle,mean/Tn,mean (1)

The quality of the solution obtained as a result of the execution of the parallel metaheuristic algorithm is defined
as:
e Number of hits or speed of success (provided that the optimal solution is known), i.e. the percentage of
successful runs (% hits);
e  Mean values of the quality of the solutions (provided that the optimal solution is not known or localized);



It is accepted that the evaluation of the quality of the solutions should be based on a specified number of runs of
the parallel algorithm (it is recommendable not to repeat the initial configurations).

Because of the nondeterministic nature of the parallel metaheuristic algorithm designed we estimate the quality of
the solution as the average value of the sum of the QoS’s obtained at each run to the number of the runs.

Qos = ZnQ0Si/, @

Where QoS is the mean value of the quality of solution for a group of benchmark sequences of similar length and
functionality, i is the consecutive number of the run and n is the total number of the experimental runs of the
multiple sequences alignment tool.

Deviation from the mean value of the QoS is defined as the difference of the value of QoS obtained at a specific
run and the mean value of the QoS for all runs.

Qos_pEv, = 0% Q05 ¢ 3)

Where i is the number of the run, QoS; is the quality of solution, obtained at run i, and QoS is the the mean value
of the quality of solution for the group of benchmark sequences for all the conducted runs.

TECHNOLOGICAL EXPERIMENTAL FRAMEWORK

We have conducted a number of experiments on a GPU accelerated computing infrastructure in order to estimate
experimentally the performance and Quality of Solution (QoS) parameters of our software tool for multiple sequence
alignment MSA_BG_CUDA. The architectural specifics of the computing infrastructure with GPU accelerators [7]
are shown in Fig.1.

Specification

Device : "GeForce RTX 2888 Ti"
driverVersion : 1881@
runtimeVersion : 18888
CUDA Driver Version / Runtime Version 18.1 / 10.8
CUDA Capability Major/Minor version number : 7.5
Total amount of global memory : 18.73 GBytes (11523268416 bytes)

GPU Clock rate : 1545 MHz(1.54 GHz)

Memory Clock rate : 7008 Mhz

Memory Bus Width : 352-bit

L2 Cache Size: 5767168 bytes

Total amount of constant memory: 65536 bytes

Total amount of shared memory per block: 49152 bytes
Total number of registers available per block: 65536

Warp Size: 32

Maximum number of threads per multiprocessor: 1624

Maximum number of thread per block: 1e24

Maximum sizes of each dimension of a block: 1824 x 1824 x 64
Maximum sizes of each dimension of a grid: 2147483647 x 65535 x B65535

FIGURE 1. Architectural attributes of the experimental GPU accelerated computing infrastructure.

The experimental data sets comprise 3 categories of genetic sequences accessed from GenBank, NCBI: (1) the 9
genes of the severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human, (2) pandemic swine
influenza virus AH1N1, and (3) the human genes BRCA1 and BRCAZ2 associated with the breast cancer issue.

SARS-CoV-2 is a new strain of coronavirus that has not been previously identified in humans [8]. Using different
methods and tools it has been shown that the length of the genetic sequences is about 30 000 bp linear RNA comprising



9 genes. In order to overcome the problem of overloading the computational resources we have applied preprocessing
of the genetic data of SARS-CoV-2 by performing gene finding within the genome via the GeneMark tool. GeneMark
is a family of gene prediction programs developed at Georgia Institute of Technology, Atlanta, Georgia, USA [9]. We
have used the module for Gene Prediction in Viruses, Phages and Plasmids - the self-training program GeneMarks.
In fig.2 we have shown the result of the application of GeneMark software for identifying the genes within
MT276326.1 Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/GA_2741/2020,
complete genome [9]. Obviously, the lengths of the 9 genes within the SARS-CoV-2 genome isolate varies in a wide
range for the different genes — from 13218 bp for gene 1 down to 186 bp for gene 6 (Fig.2).

The experimental data sets of the genetic sequence of the pandemic swine influenza virus AH1N1 are accessed
from NCBI GenBank [11] and comprise 8 segments: PB2 PB1 PA HA NP NA MP NS.

The experimental data sets of the genetic sequence of the human genes BRCA1 and BRCAZ2 associated with the
breast cancer issue are accessed from NCBI GenBank [12].

GeneMark.hmm PROKARYOTIC (Version 3.26)

Date: Sat May 30 10:18:57 2020
Sequence file name: seq.fna
Model file name: /home/genemark/bin/gmsuite/heu_11.mod
RBS: false

[ Version 2.5p (09.08.06) Copyright 1993 - M. Borodevsky, J. Mclninch Model information: Heuristic_model_for_genetic_code_11_and_GC_38

FASTA definition line: empty-fasta-def-line
Predicted genes

Gene Strand LeftEnd RightEnd  Gene Class
# Length
+ 266 13483 13218
+ 13810 21555 7746
+ 21536 25384 3849
+ 25393 26220 828
+ 26523 27191 669
¥
¥
+
+

PROGRAM INFORMATION

27202 27387 186
27394 27759 366
27894 28259 366
28274 29533 1260
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FIGURE 2. The result of the application of GeneMark software for identifying the genes within MT276326.1 Severe acute
respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/GA_2741/2020, complete genome

EXPERIMENTAL RESULTS AND ANALYSIS

We have conducted a series of experiments of multiple sequence alignment on 9 benchmark groups each
comprising 100 nucleotide sequences of isolates of the respective genes (Table 1). In Fig.3 and Fig. 4 the evaluations
of QoS for MSA of SARS-CoV-2 gene 1 and gene 2 are shown, respectively. Fig.5 presents the results for the
evaluations of QoS for MSA of SARS-CaoV-2 gene 3 through gene 9 for 5 consecutive runs. Fig.6 depicts the deviation
of the QoS of each run from the mean value measured in bp, while Fig.7 presents the deviation in percent. Fig.8
presents the results of QoS evaluation of pandemic swine influenza virus AH1IN1, and Fig. 9 shows the results for
breast cancer associated human genes BRCA1 and BRCAZ2.

The analysis of experimental results show that for the case study of SARS-CoV-2 genes the deviation of the QoS
obtained is much less than 10% except for gene 8 meaning difference in about 20 in terms of the number of nucleotides.
For the case study of MSA of pandemic swine influenza virus AH1N1 nucleotide sequences the deviation is within
the range +11% and -9.88%. For the investigation of human gene BRCA1 the observed deviation of the quality of
solution is within the range of +1.13% to -1.13%, while for the case study of BRCAZ2 deviation is within the range of
+0.45% to -0.25%, which are quite satisfactory results and confirm the efficiency of our MSA_BG_CUDA software
tool.



Table 1: Experimental results for SARS-CoV-2 genetic data set

SARS- Run #1 Run #2 Run #3 Run #4 Run #5 Mean Value

Gk Grade Out | Grade Out | Grade Out | Grade Out | Grade Out Clagk L

Gene 1 5509 5540 5504 5500 5500 5511
Gene 2 1181 1181 1098 1200 1150 1162
Gene 3 259 300 262 259 259 267.8
Gene 4 368 366 360 345 344 356.6
Gene 5 290 280 307 298 291 293.2
Gene 6 76 80 76 76 76 76.8
Gene 7 88 79 86 88 84 85
Gene 8 38 31 31 23 33 31.2
Gene 9 138 134 120 120 145 131.4

Quality of Solution Gene 1

5480 5500

5520

5540

5560

FIGURE 3. The evaluations of QoS for MSA of SARS-
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FIGURE 5. The evaluations of QoS for MSA of SARS-CoV-2 gene 3 through gene 9
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CONCLUSION AND FUTURE WORK

In this paper we have investigated the quality of solution obtained by our software tool for multiple sequence
alignment based on the intelligence of the collective behavior of artificial bee colonies. The experimentation has been
conducted for 3 benchmark groups of nucleotide sequences: (1) the 9 genes of the severe acute respiratory syndrome
coronavirus 2 isolate SARS-CoV-2/human, (2) pandemic swine influenza virus AHIN1, and (3) the human genes
BRCAL and BRCAZ2 associated with the breast cancer issue, involving 5 runs on a high performance GPU-accelerated
computing infrastructure. The analysis of the experimental results show that the QoS of the individual runs fall in the
range of + 10%, except for the case study of BRCA1 and BRCA2 where the range is within +1%.

In future, our intention is to change the communication paradigm of migrating the elite ants from broadcast to
queen bee to the island model, and thus slowing down the time of the parallel algorithm convergence and increasing
the level of diversification with purpose of improving the quality of solution obtained.
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