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Preface

This volume of the Springer Lecture Notes in Computer Science series contains
the contributions presented at the International Workshop on Distributed, High-
Performance and Grid Computing in Computational Biology 2006 (GCCB 2006)
held in Eilat, January 21, 2007 in conjunction with the fifth European Conference
on Computational Biology (ECCB 2006).

Modern computational biology and bioinformatics are characterized by large
and complex-structured data and by applications requiring considerable com-
puting resources, such as processing units, storage elements and software pro-
grams. In addition, these disciplines are intrinsically geographically distributed
in terms of their instruments, communities and computing resources. Tackling
the computational challenges in computational biology and bioinformatics in-
creasingly requires high-end and distributed computing infrastructures, systems
and tools. The main objective of this workshop is to bring together researchers
and practitioners from these areas to discuss ideas and experiences in developing
and applying distributed, high-performance and grid computing technology to
problems in computational biology and bioinformatics.

The challenges in distributed, high-performance and grid computing in bi-
ology and biotechnology are inherently more complicated than those in such
domains as physics, engineering and conventional business areas. Some of the
added complexities arise from the:

— Conceptual complexity of biological knowledge and the methodologies used
in biology and biotechnology

— Need to understand biological systems and processes at a detailed mecha-
nistic, systemic and quantitative level across several levels of organization
(ranging from molecules to cells, populations, and the environment)

— Growing availability of high-throughput data from genomics, transcriptomics,
proteomics, metabolomics and other high-throughput methods

— Widespread use of image data in biological research and development (mi-
croscopy, NMR, MRI, PET, X-ray, CT, etc.)

— Increasing number of investigations studying the properties and dynamic
behavior of biological systems and processes using computational techniques
(molecular dynamics, QSAR/QSPR, simulation of gene-regulatory, signaling
and metabolic networks, protein folding/unfolding, etc)

— Requirement to combine data, information and compute services (e.g., se-
quence alignments) residing on systems that are distributed around the world

— Variety of different technologies, instruments, infrastructures and systems
used in life science R&D

— Huge variety of information formats and frequent addition of new formats
arising from new experimental protocols, instruments and phenomena to be
studied
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— Large and growing number of investigated biological and biomedical phe-
nomena

— Fact that life science R&D is based heavily on the use of distributed and
globally accessible computing resources (databases, knowledge bases, model
bases, instruments, text repositories, compute-intensive services)

The GCCB workshop brought together computational biologists, bioinfor-
maticians and life scientists who have researched and applied distributed, high-
performance and grid computing technologies in the context of computational
biology and bioinformatics. The workshop discussed innovative work in progress
and important new directions. By sharing the insights, discussing ongoing work
and the results that have been achieved, we hope the workshop participants con-
veyed a comprehensive view of the state of the art in this area and identified
emerging and future research issues. We believe that the GCCB workshop made
a valuable contribution in encouraging and shaping future work in the field of
distributed, high-performance and grid computing in computational biology.
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Combining a High-Throughput Bioinformatics Grid and
Bioinformatics Web Services

Chunyan Wangl, Paul M.K. Gordon', Andrei L. Turinskyl,
Jason Burgess®, Terry Dalton’, and Christoph W. Sensen'

! Sun Center of Excellence for Visual Genomics, University of Calgary,
HS 1150, 3330 Hospital Dr. NW, Calgary, Alberta, T2N 4N1, Canada
2 National Research Council Institute for Marine Biosciences,
1411 Oxford Street, Halifax, Nova Scotia, B3H 3Z1, Canada
{cwan, gordonp, aturinsk}@ucalgary.ca,
{jason.burgess, terry.dalton}@nrc-cnrc.gc.ca, csensen@ucalgary.ca

Abstract. We have created a high-throughput grid for biological sequence
analysis, which is freely accessible via bioinformatics Web services. The
system allows the execution of computationally intensive sequence alignment
algorithms, such as Smith-Waterman or hidden Markov model searches, with
speedups up to three orders of magnitude over single-CPU installations. Users
around the world can now process highly sensitive sequence alignments with a
turnaround time similar to that of BLAST tools. The grid combines high-
throughput accelerators at two bioinformatics facilities in different geographical
locations. The tools include TimeLogic DeCypher boards, a Paracel
GeneMatcher2 accelerator, and Paracel BlastMachines. The Sun N1 Grid
Engine software performs distributed resource management. Clients
communicate with the grid through existing open BioMOBY Web services
infrastructure. We also illustrate bioinformatics grid strategies for distributed
load balancing, and report several nontrivial technical solutions that may serve
as templates for adaptation by other bioinformatics groups.

Keywords: Bioinformatics, sequence alignment, grid, Web services,
BioMOBY, Sun N1 Grid Engine, Smith-Waterman, hidden Markov model.

1 Introduction

Analysis and functional annotation of genomic and proteomic sequences require
fast and sensitive methods that are able to capture complex patterns within massive
sequence collections in a reasonable time. The algorithms used to search for and
rank sequence alignment regions, fall mostly into two classes: those based on
dynamic programming, such as the Smith-Waterman algorithm [1] or the various
BLAST methods [2]; and those based on probabilistic networks, such as hidden
Markov model (HMM) searches [3]. The canonical Smith-Waterman or HMM
alignments typically require massive computational power. For example, by
incorporating hardware accelerators described in this paper into the MAGPIE
genome annotation tool [4], more than 50 000 expressed sequence tags (EST), an

W. Dubitzky et al. (Eds.): GCCB 2006, LNBI 4360, pp. 1-10, 2007.
© Springer-Verlag Berlin Heidelberg 2007



2 C. Wang et al.

equivalent of six to eight full microbial genomes, can be annotated in one day.
Without the accelerators, the annotation of one genome would require two to three
weeks (unpublished data).

Most research teams cannot afford the local implementation of specialized high-
throughput hardware, hence far less sensitive BLAST searches remain the most used
type of sequence similarity searches today. Further hindrance to the research process
is the disparity between data input specifications of many generic bioinformatics
software tools [5, 6]. A typical bioinformatics analysis session likely involves
switching between multiple tools, transferring data manually, and performing data
format conversion to ensure compatibility.

To help overcome these challenges, we have created a high-throughput system for
the alignment of biological sequences that combines the grid paradigm [7, 8] with the
Web services paradigm [9]. There is a growing interest in distributed bioinformatics
solutions, especially those that are Web services-oriented or grid-oriented [10, 11,
12]. Outside of bioinformatics, the grid and Web services-based computation methods
are rapidly undergoing a standardization process [13]. Our system unites several
hardware and software accelerators into a grid and provides universal access to it
through an existing bioinformatics Web services interface, called BioMOBY [14].
The BioMOBY project endeavors to establish a de facto bioinformatics data
interchange standard for the web, using open XML-based communication standards
and protocols for service allocation and queries.

We provide access to several highly specialized sequence analysis hardware
accelerators and software tools, while allowing dynamic load-balancing across
geographically distributed computational nodes at the same time. Furthermore, the
inner structure of our grid is entirely transparent to any BioMOBY user, and can
be incorporated seamlessly into other BioMOBY data analysis pipelines via http://
biomoby.org.

2 Materials and Methods

2.1 Architecture

Our architecture comprises three layers: the high-throughput accelerators, the grid
middleware for job allocation, and the BloMOBY Web services interface (Fig. 1). At
the bottom level, highly sensitive sequence alignments are performed using the
resources of two bioinformatics facilities, which are three time zones apart: the Sun
Center of Excellence for Visual Genomics at the University of Calgary; and the
Institute for Marine Biosciences of the National Research Council Canada, in Halifax,
Canada. The resources at the Calgary site include:

e Four FPGA-based (field programmable gate array) TimeLogic'™
DeCypher® bioinformatics accelerator boards, mounted in a SunFire
V880 server;

e A Paracel BlastMachine based on a Linux cluster with 12 dual-processor
nodes (hereafter referred to as the 24-processor BlastMachine);
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e An ASIC-based (application-specific integrated circuits) Paracel
GeneMatcher2 bioinformatics accelerator with 27 648 specialized CPUs
on nine boards; by design, jobs for the GeneMatcher2 are submitted
through the Linux cluster;

e A Sun Fire E6900 UNIX server used for coordination tasks.

The resources at the Halifax side include:

e A Paracel BlastMachine based on a 12-node Linux cluster (hereafter
referred to as the 12-processor BlastMachine);

e A dedicated Sun Enterprise 220R UNIX server used for the handling of
command-line grid job submissions.

Fig. 1. The dataflow of the job submission to the BioMOBY-enabled grid test bed. The layered
architecture comprises the computational nodes (grey), the grid middleware (dark grey) and the
BioMOBY Web services components (light grey).

At the middle layer, the resources are united into a common wide area grid using
Sun N1 Grid Engine 6 (SGE) middleware solution [15]. The SGE is installed on all
machines as either a master host (main UNIX server in Calgary), which can submit jobs
to other hosts, or an execution host (the remaining machines), which can only execute
jobs locally. The BioMOBY-enabled SGE supports job execution over wide area
networks, has a customizable policy module for formulating a flexible job submission
policy, and allows easy out-of-the-box installation. The SGE defines internal queues for
job scheduling, maintained at the master hosts, which may represent algorithm types,
such as HMM searches, or individual execution hosts, or narrower job types, such
as HMM Frame EST-to-HMM searches on the DeCypher system.

At the top layer, the BioMOBY Web services system provides a mechanism to
discover the data processing resources and submit requests. Because all job
submissions to the grid are handled by the main UNIX server in Calgary, the
BioMOBY communication libraries only need to be installed on that host to create the
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Web services endpoint. Using this endpoint, we registered the new BioMOBY web
services, which are named for three types of sequence alignment analyses:
runBlastVsPublicDBs, runSmithWatermanVsPublicDBs, and search_Pfam (for HMM
searches). The registration process is described in [16]. Further information is
available on the project website (http://moby.ucalgary.ca).

2.2 Data Flow Implementation

We had to overcome several unusual technical challenges in the context of
implementing a geographically distributed grid test bed. First, traditional grids require
users to log into their grid accounts to ensure remote authentication and secure data
transfer. In contrast, BloMOBY analyses require no user accounts or authentication.
Our solution was to create a specialized UNIX account on every SGE host and set up
a remote data exchange mechanism based on the common gateway interface (CGI)
scripts [17]. All job requests are now submitted to the SGE from this account, as if
they originate from a regular UNIX user who is logged into the system. SGE
execution hosts retrieve the input data over the web from the master host’s CGI using
the free Wget utility [18] and a unique input ID.

After an alignment job is completed, the results are retrieved by the SGE master
host using a similar mechanism, then packed in a BioMOBY format and returned to
the BioMOBY client. This CGI-based remote data exchange is in stark contrast to
most grid systems, which require cross-mounting of disk drives between all hosts of
the grid.

Another challenge was to translate BioMOBY requests into SGE submissions. If a
BioMOBY client requests a BLAST alignment of a single sequence against a
nucleotide sequence database, a custom-made Perl program parses the BioMOBY
request at the main UNIX server at the Calgary site, which hosts the BioMOBY
service endpoint. The program posts the input sequence as a separate file on the
master host’s CGI with a unique input identifier, and initializes a sequence-type
parameter (nucleotide or amino acid). Subsequently it submits a pre-made SGE script
all_blast.sh to the grid using the SGE submission command gsub, as follows:

gsub -hard -i numjobs=4 all_blast.sh $input_id S$Stype

In this example, a simple threshold-based job scheduling is implemented. A SGE
load sensor script goes through the list of hosts sorted in the order of their optimal
BLAST performance. If it finds that the host has no more than four jobs in its SGE
queue (numjobs=4), the new job of executing all_blast.sh is added to the
host’s queue. Otherwise the next best host from the list is examined.

The third challenge was to enable a generic SGE script to invoke job submissions
with different syntax for different hosts. Continuing the BLAST example, the
DeCypher and BlastMachine expect drastically different BLAST commands, whereas
gsub invokes the same generic script all_blast . sh on either host. Our solution
was to place on each host a local script blast . sh with BLAST commands specific
to the host. A single all_blast.sh script can now trigger any of the local
versions of blast.sh using the same command line, and pass on the required
parameters.
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3 Results and Discussion

Our objective was to explore possible grid load balancing policies that take into
account the relative performances of the individual hosts. Even for single-sequence
submissions, the grid considerably improves the performance of the alignment
searches. For example, using the grid scheduling policy described in the previous
section, we tested three types of alignment searches against public databases for a
599-amino-acid-long Arabidopsis thaliana calcium-dependent protein kinase
AT3gl9100/MVI11_1 (TrEMBL accession number Q9LJL9). The speedup was
especially large for the computationally intensive Smith-Waterman searches, which
took on average 5 100 seconds on a single CPU of the Sun Fire E6900 server from the
Calgary site, but only 86 seconds on the grid — about 60 times faster (Fig. 2).

The benefits of parallel processing hardware become even more apparent
when multiple input sequences are analyzed. This powerful option is available, for
example, through the jJMOBY Java-based toolkit for BloMOBY job submissions [19],
plug-in modules for the Taverna workbench [20] as a front end to the BioMOBY
system, or through other sequence analysis tools that support the BioMOBY Web
services interface, such as [21]. At the time of this writing, the development of
BioMOBY clients that access BioMOBY services or have an embedded BioMOBY
functionality, is growing rapidly (for an up-to-date list see [22]). The features for
the automated web-based and/or GUI-based submission of multiple sequences
through BioMOBY clients, although a relatively new functionality, are also being
constantly expanded.

For testing, we searched the NCBI Protein repository [23] for the keyword
“alcohol” and retrieved the first N=100 sequences. This set was replicated to create
the derivative sets of N=300, 1 000, 3 000, 10 000, 30 000, and 100 000 sequences, so
that the values of log(N) cover the logarithmic scale almost uniformly between 2 and
5 with a step of approximately 0.5.

Alignments using a single CPU of the Sun Fire E6900 server in Calgary were
tested on N=100 sequences, with the average execution time being 10 574 seconds for
a BLAST, 3 961 seconds for an HMM search, and over 4 days(!) for a Smith-
Waterman search. As Figure 2 shows, this constitutes a dramatic difference of two to
three orders of magnitude compared to the grid performance on the same set of 100
sequences (listed in Table 1 for N=100). Tests for larger N values on a single CPU
were not attempted due to the clear superiority of the grid and the specialized tools.

For each search type, the computational nodes exhibited near-linear performance
with respect to the input size. However, we did not attempt linear regression because
the data for smaller N are clearly outliers due to initial overhead and would cause
linear least-squares fitting to underestimate consistently the “true” throughputs.

For BLAST searches, the throughputs were 4.25 seq/sec for the DeCypher, 1.13
seq/sec for the 24-processor BlastMachine, and 0.90 seqg/sec for the 12-processor
BlastMachine, measured at N=30 000, where deviations due to initial overhead were
deemed minimal. We therefore split the input data among the three accelerators in
proportion to their observed computational power: 68% for the DeCypher, 18% for
the Calgary BlastMachine, and 14% for the Halifax BlastMachine. Generally, the load
balancing should use the best available dynamic estimate for the throughput of each
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Grid speedup vs. single CPU (logarithmic scale)
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Fig. 2. The grid speedup compared to a single CPU on a Sun Fire E6900 server. Results
reported in logarithmic scale for different numbers of input sequences and different alignment
types (average of 6 trials).

computational node, taking into account such factors as the specific job type and
search parameters. A proportional grid load balancing policy was defined:

Split large BLAST jobs among the DeCypher, Calgary BlastMachine, and Halifax
BlastMachine in proportion to the (estimated) throughput of each accelerator.

For HMM searches, the DeCypher execution time ranged from 23 seconds for
N=10? to 2 hours 43 minutes for N=10°. In contrast, the execution time on the
GeneMatcher2, which is a massively parallel supercomputer, stayed within the range
of between 6 and 10 minutes. Using the approximate crossover point at N=5 000
between the two performance graphs, the grid load balancing policy was:

Submit the entire HMM job to the DeCypher if the input is less than 5 000
sequences, otherwise submit the entire job to the GeneMatcher?2.

For Smith-Waterman searches, the GeneMatcher2 throughput was approximately
1.09 seq/sec for N=30 000. In contrast, the DeCypher throughput was only 0.07
seq/sec for N=3 000, with the execution time of nearly 12 hours. Due to the clear
GeneMatcher2 superiority, DeCypher tests for larger N were not attempted. A trivial
grid submission policy was defined:

For Smith-Waterman search requests, use the GeneMatcher2. Use the DeCypher
only if the GeneMatcher? is unavailable.



