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Abstract

The research and development of bioinformatics (e.g., genomic sequence alignment) has
been growing with each passing day in the past few years so that continue demands on large
computing powers are required to support better performance. This trend requires usually
solved by parallel computing techniques, because Cluster technology can reduce the
execution time and increase genomic sequence alignment efficiency. For example,
mpiBLAST is a parallel version of NCBI BLAST that combines the NCBI BLAST with
Message Passing Interface standards. However, most laboratories can not build up powerful
computing environments. They usually connect dozens or even hundreds of personal
computers to build weak computing environments. Besides, Cluster usually is limited by a
local computing environment that hinders the computing extendibility significantly. The
concepts of the Grid framework are designated to overcome the aforementioned problems.
Grid environments coordinate the resources of distributed virtual organizations and satisfy
various computational demands for bioinformatics applications. In this thesis, we have
deployed a BioGrid framework named G-BLAST. Currently, G-BLAST is designed for
genomic sequence alignment by using the Grid environment and accessible mpiBLAST
application, which is designed for Cluster environment, from a server node. G-BLAST is
endowed with selection the most adaptive work nodes, dynamic fragmenting genomic
database, and self-adjust performance data abilities. To enhance the capability and usability of
G-BLAST, we also deployed a Grid Service Portal and a Grid Service GUI desk application

for general users to submit jobs and for host administrators to maintain their own work nodes.

Keywords: Grid computing, Globus Toolkit, WSRF, BioGrid, Cluster Computing,
MPICH-G2, mpiBLAST, BLAST
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Chapter 1

Introduction

1.1 Motivation

Bioinformatics combines biology and information technology and includes computational
tools and methods for managing, analyzing, and manipulating large biology datasets.
Computing technologies are vital for bioinformatics applications [1], [2], [3]. For example,
biology problems often require repeating a task millions of times, such as when searching for
sequence similarities in existing databases or comparing groups of sequences to determine
evolutionary relationships. In such cases, high-performance computers to process this
information are indispensable. Biological information is stored on many computers around the
world. The easiest way to process this data is to join these computers together through
network. Such activities require high-performance computing infrastructures [4], [5] with
access to huge information databases [6]. The major advances in computer technology and
computer science over the past 30 years have dramatically changed much of our society.
Comparing a sequence against a database is one of the most common bioinformatics
applications. A sequence alignment is needed before making comparative statements about
nucleic acid or protein sequences. The concept of selecting an optimal sequence alignment is
simple, but is not at all simple in practice. Choosing a good alignment artificially is possible,
but it must do more than once or twice. An automatic method for finding the optimal

alignment out of the thousands of alternatives is the right approach. Currently, many



bioinformatics applications can be used to conduct computing tasks on Linux PC cluster or
Grid systems [7], [8], [9], [10], [11], [12].

NCBI BLAST [13] is one of the best tools available to bioinformatics for using heuristic
similarity-search algorithms to find sequences in genome databases similar to given query
sequences. mpiBLAST [14] is a parallelization of BLAST that executes BLAST jobs in
parallel using Message Passing Interface (MPI) [15].

A Cluster is a form of parallel computer that uses more than one processor. The many
kinds of parallel computer are distinguished by the processors they use and the way in which
those processors exchange data. They take advantage of two commodity components: fast
CPUs designed primarily for the personal computer market and techniques for connecting
personal computers in so-called local-area networks or LANs. Beowulf clusters provide
effective and low-cost means of delivering enormous computational powers to applications
and are now used virtually everywhere. However, most laboratories can not build up powerful
environments. They usually connect dozen of personal computers to build weak computing
environments.

The concepts of Grid [16], [17] can solve these problems. Grid environments coordinate
the resources of distributed virtual organizations and satisfy a great many computational
demands. Grid enable virtual organizations to share geographically distributed resources in
their pursuit of common goals, assuming the existence of a central location, central control,
omniscience, and an existing trust relationship. It can coordinate the resources of distributed
virtual organizations and satisfy a great quality of computational demands. Owing to a deluge
of data and information, fields such as high-energy physics, bioinformatics, and digital

archive, demand a great deal of computational and storage capacity.



The Globus Project [18] provides some software tools, named Globus Toolkit, that make
it easier to build computational Grid systems and applications. These tools are collectively
called the Globus Toolkit. The toolkit includes software for security, information
infrastructure, resource management, data management, communication, fault detection, and
portability.

The BioGrid [2], [19], [20], [21], [22] is a Grid environment aimed at improving the
performance of bioinformatics applications. In the area of sequence alignment applications,
the mpiBLAST is generally widely used because it has well computationally efficient.
However, it has three disadvantages. First, you must perform the mpiformatdb program to
reorder database if your computing environment had been changed, or if you want to perform
mpiBLAST on different number of processors on your Cluster. Second, mpiBLAST may take
longer execution time to complete job when using more processors, and these situations are
shown in experimental results section. Third, the performance is not guaranteed if your

experiment environmental crosses not on LAN but on Internet.

1.2 The Goal and Contributions

To solve this problem, we have designed and implemented a BioGrid Framework named G-
BLAST Framework, a Grid-based solution for mpiBLAST that integrates mpiBLAST into a
Grid environment. G-BLAST was designed for mpiBLAST to use Grid environment and
access Cluster systems from a server node, and mpiBLAST application had installed on each
Cluster system. We use Globus Toolkit 4.0 [18] to create Grid systems and build whole Grid
environment. Because Grid environment is a heterogeneous environment, G-BLAST is
endowed with selection the most adaptive work nodes, dynamic fragmenting database, and

self-adjust performance abilities.



We also implemented a Grid Service Portal named G-BLAST Service and a Grid Service
GUI desk application for normal users to submit jobs and host administrators to maintain their
own work nodes. The interaction between this application and G-BLAST Service meets
WSRF [23] standards. The purpose of this study is to get higher performance than traditional
Cluster architectures and to have an easier user interface than previous mpiBLAST versions.
This present approach focuses on how to integrate mpiBLAST into a Grid environment and
build a hierarchical architecture that integrates a Grid environment and some Cluster
environments. The GUI implemented is used to perform users’ invocations. The functions of
G-BLAST Framework are measuring system loading, checking disc using status, analysis
genomic database and query file, selection the most adaptive Cluster systems for execution
job, record job information, split job to several sub-jobs, monitoring sub-jobs statuses, and

combination results of sub-jobs.

1.3 Thesis and Organization

The rest of this thesis is organized as follows. In chapter 2, we introduce the background and
related works. Development and details of G-BLAST are presented in chapter 3. In chapter 4,
we provide information about our experiment environment. The introduction of our PC
Cluster and Grid test-bed and experimental results are presented and discussed in chapter 5.

Conclusions are given in chapter 6, with emphasis on potential areas for future work.



Chapter 2

Background Review

2.1 Grid Computing

The main concept of Grid Computing [17], [24] is to extend the original ideas of the Internet
to sharing widespread computing power, storage capacities, and other resources. Grid
Computing can coordinate the resources of distributed virtual organizations and satisfy a great
quality of computational demands. Besides integrating distributed resources, Grid Computing
can also reduce idle time of servers via management of integrated computing resources.
Owing to a deluge of data and information, fields such as high-energy physics,
bioinformatics, and digital archive, demand a great deal of computational and storage
capacity.
The development of Grid Computing makes on-demand allocation and management of
integrated computing resources possible. Some features of Grid Computing are listed below.
e Flexible, secure, coordinated resource-sharing among dynamic collections of individuals,
institutions, and resources
e Transparent, secure, and coordinated resource-sharing and collaboration across sites
e The ability to form virtual collaborative organizations that share applications and data in
an open heterogeneous server environment in order to work on common problems
¢ The ability to aggregate large amounts of geographically dispersed computing resources
to tackle large problems and workloads as if all the servers and resources are located at a

single site



e A hardware and software infrastructure that provides dependable, consistent, pervasive,
and inexpensive access to computational resources

e The Web provides us information—the Grid enables us to process it.

2.2 Grid Middleware

The Globus Project provides software tools that make it easier to build computational Grid
systems and applications. These tools are collectively called the Globus Toolkit. The toolkit
includes software for security, information infrastructure, resource management, data
management, communication, fault detection, and portability. We used it as the infrastructure
of our BioGrid.

The composition of the Globus Toolkit can be pictured as three pillars: Resource
Management, Information Services, and Data Management. Each pillar represents a primary
component of the Globus Toolkit and makes use of a common foundation of security. The
Globus Resource Allocation Manager (GRAM) implements a resource management protocol,
the Metacomputing Directory Service (MDS) implements an information services protocol,
and GridFTP implements a data transfer protocol. They all use the GSI security protocol at
the connection layer.

GRAM provides an API for using remote system resources, by providing a uniform,
local job scheduling system. The specifications are written in the Resource Specification
Language (RSL), and processed by GRAM as part of each job request.

The Monitoring and Discovery Service (MDS) is the information services component of
the Globus Toolkit and provides information about available resources on the Grid and their

statuses. It gives current information that may include computer, network, and other machines



properties in your Grid, such as number of processors available, CPU loading, network status,
file system information, bandwidth, storage devices, and memory.

The Globus alliance proposed a common data transfer and access protocol called
GridFTP. It is a high-performance, secure, efficient data movement, and reliable data transfer
protocol optimized for Grid environments. The GridFTP protocol extends the standard FTP
protocol, the highly-popular Internet file transfer protocol, and provides a superset of the

features offered by the various Grid storage systems currently in use.

2.3 WSRF

The Web Service Resource Framework (WSRF) construct was proposed to express the
relationship between stateful resources and Web Service specifications that define a rendering
of the WS-Resource approach in terms of specific message exchanges and related XML
definitions. These specifications allow program-mers to declare and implement associations
between Web services and stateful resources. They describe the means by which a view of the
state of a resource is defined and associated with a Web Services description to form an
overall type definition of a WS-Resource. They also describe how the state of a WS-Resource
is made accessible through a Web Service interface, and define related mechanisms concerned
with WS-Resource grouping and addressing. The WSRF has five separate specification
documents that provide the normative definition of the framework: WS-ResourceProperties,
WS-ResourceLifetime, WS-RenewableReferences, WS-ServiceGroup, and WS-BaseFaults.
In this paper, the WSREF is standardized by OASIS [28] and implemented by Globus toolkit 4.

In addition, the Simple Object Access Protocol (SOAP) is a lightweight XML-based

messaging protocol used to encode the information in Web Service requests and response


http://www.webopedia.com/TERM/S/XML.html
http://www.webopedia.com/TERM/S/protocol.html

messages before sending them over a network. SOAP messages are independent of any

operating system or protocol and may be transported using a variety of Internet protocols.

2.4 Cluster Computing

A Cluster is a form of parallel computer that uses more than one processor. The many kinds
of parallel computer are distinguished by the processors they use and the way in which those
processors exchange data. They take advantage of two commodity components: fast CPUs
designed primarily for the personal computer market and techniques for connecting personal
computers in so-called local-area networks or LANs. Beowulf clusters provide effective and
low-cost means of delivering enormous computational powers to applications and are now
used virtually everywhere.

To make use of multiple processes each executed on a separate processor, we need to
apply parallelism computing algorithms. There are two common types of parallelism: MPI
[15] and PVM [29].

e PVM: This is a master-worker approach and is the simplest and easiest to implement. It
relies on being able to break computations into independent tasks. A master then
coordinates completion of these independent tasks by worker processes.

e MPI: This is for use when computations cannot (or cannot easily) be broken into
independent tasks. In this kind of parallelism, the computation is broken down into
communicating, interdependent tasks. We used LAM/MPI for our cluster system.
LAM/MPI [15] is a high-quality open-source implementation of the Message Passing
Interface specification, including all of MPI-1.2 and much of MPI-2. Intended for

production as well as research use, LAM/MPI includes a rich set of features for system


http://www.webopedia.com/TERM/S/network.html
http://www.webopedia.com/TERM/S/operating_system.html

administrators, parallel programmers, application users, and parallel computing
researchers.

e MPICH-G2 [25] is a grid-enabled implementation of the MPI v1.1 standard. In addition,
MPICH-G2 allows coupling of multiple machines, with different architectures, to run
MPI applications. MPICH-G2 automatically converts data in messages sent between
machines of different architectures and supports multiprotocol communication by
automatically selecting TCP for intermachine messaging and (where available) vendor-

supplied MPI for intramachine messaging.

2.5 mpiBLAST

Comparing a sequence against a database is one of the most common bioinformatics
applications. A sequence alignment is needed before making comparative statements about
nucleic acid or protein sequences. The concept of selecting an optimal sequence alignment is
simple, but is not at all simple in practice. Choosing a good alignment artificially is possible,
but it must do more than once or twice. An automatic method for finding the optimal
alignment out of the thousands of alternatives is the right approach.

A common application of sequence alignment is searching a database for sequences
similar to a query sequence. Hence, there are many sequence alignment tools, such as BLAST
(Basic Local Alignment Search Tool, [5], [26]), based on various algorithms. There are vast
volumes of DNA sequence data, and we need to figure out which parts of that DNA control
the various chemical processes of life and determine the functions of new proteins from the
known functions and structures of some proteins. Availability of computer resources is the
key factor limiting use of bioinformatics analyses as a result of the growing computational
demands. Various databases of gene/protein sequences, gene expression, and related analysis

9



tools help scientists determine whether and how a particular molecule is directly involved in a
disease process. That, in turn, aids in the discovery of new and better drug targets [17], [21].

The BLAST is a sequence database search tool that seeks similarities between two
substrings in molecular biology by using score matrices to improve filtration efficiency and to
introduce more accurate rules for locating potential matches. BLAST attempts to find all
locally maximal segment pairs in query sequences and database sequences with scores above
some set threshold. mpiBLAST is a freely available, open-source parallelization of NCBI
BLAST. It contains a pair of programs that replace formatdb and blastall with versions that
execute BLAST jobs in parallel on clusters of computers with MPI installed.

There are two primary advantages to using mpiBLAST rather than conventional BLAST.
First, mpiBLAST segments a target database, and then dispatches the segments to nodes in
clusters. Because the database segment in each node is small, it can usually reside in the
buffer-cache, yielding a significant speedup due to the elimination of disk 1/0. Second, it
allows BLAST users to take advantage of efficient, low-cost Beowulf clusters because
interprocessor communication demands are low. Table 2-1 shows Appropriate

Query/Program Combinations of BLAST.

Table 2-1 Appropriate Query/Program Combinations for “Compare 2 Sequences”

First Sequence Second Sequence Program
Nucleotide Nucleotide blastn
Nucleotide Protein blastx

Protein Nucleotide tblastn
Protein Protein blastp

The main executable programs in the BLAST distribution are:
o [blastall] performs BLAST searches using one of five BLAST programs: blastn,
blastp, blastx, tblastn, or tblastx. Table 1 summarizes the query, database sequence,

and alignment types for the various BLAST commands.
10




e [blastpgp] performs searches in PSI-BLAST or PHI-BLAST mode. blastpgp performs
gapped blastp searches and can be used for iterative searches in psi-blast and phi-blast
mode.

¢ [bl2seq] performs a local alignment of two sequences. bl2seq allows the comparison
of two known sequences using blastp or blastn. Most of the bl2seq command-line
options are similar to those for blastall.

o [formatdb] is used to format protein or nucleotide source databases. It converts a
FASTA-format flat file sequence database into a BLAST database.

The mpiBLAST algorithm consists of two primary steps:

o Databases are segmented and put on a shared storage device.

e mpiBLAST queries are run on each node.

Input
[Database

Sequence 1
Sequence 2

Master Node
Job Dispatcher

Sequence k

Sequence x+1
Sequence x+2

Sequence 1
Sequence 2

Sequence j+1
Sequence j+2

Sequence j Sequence i Sequence k

V-
Node 1 Node 2 Node N

Fragment 1 Fragment 2 Fragment N

Blast Results

Master Node .
.| Output file
Group results

Figure 2-1 The mpiBLAST partitioning schema
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The mpiBLAST Partitioning schema is shown in Figure 2-1. It uses multithreading to
segment databases, assigning distinct portions of the database to each processor. It wraps the
standard NCBI formatdb called mpiformatdb to format the Database. Command line
arguments specify the number of fragments. mpiformatdb formulates command line
arguments that force NCBI formatdb to format and divide the database into many fragments
of approximately equal size.

When mpiformatdb execution is complete, the formatted fragments are placed in shared
storage. Alignment of the database is accomplished by the local sequence alignment
algorithm implemented in the NCBI [27] development library. If a node does not have
fragments needed by a search, the fragments are copied from shared storage. Fragments are
assigned to nodes using an algorithm that minimizes the number of fragments copied during

each search.

12



Chapter 3

Design and Implementation of G-BLAST

We propose the G-BLAST Framework that its software architecture is shown in Figure 3-1
and its system architecture is shown in Figure 3-2. This framework can integrate many
bioinformatics applications, such as mpiBLAST and FASTA, among others. Currently, this

framework is just integration mpiBLAST 1.4.0. In G-BLAST Framework, it is in charge of

dispatch an mpiBLAST job to Cluster Systems.

User Portal Client on Windows XP

Grid FTP Login || Information Job
Service Service Service
User Portal
Execution
manag:rlnent Globus Toolkit 4.0.1 Container
(WSRF, SOAP, WS-Security)

Globus Toolkit 4.0.1

Schedule || Job Dispatch || Segmentation Database
System System System
Information || Job Monitor Combination Results
System System System
G-BLAST Framework
J2SDK 1.5.0 07 G ] T

Fedora Core 4 Linux System on G-BLAST Server

Figure 3-1 The G-BLAST Framework Software Architecture
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Its works include measuring system loading, disc using status, analysis genomic database and
query file, selection the most adaptive Cluster systems for execution job, record job
information, split job to several sub-jobs, monitoring sub-jobs statuses, and combination
results of sub-jobs. In addition, this framework is implemented by C/C++ language.
Furthermore, the details are stored into Information Database while the job is performed. In

this project, we use PostgreSQL Database System, version 8.1, to maintain and manage

&

G-BLAST User

Information Database.

User Portal w—0

>
Query Database Query Status

Create a New Job

* Update
Checking s &

h chedule ) Q y
il
atabase erver

Information

Return  Getting a
Results  Genomic Preparing to Execute
(HTTP)  Database

Save/Update/Fetching
Cluster Systems Information

i : Fetching
Segmentation | segmentation | o, Dispatch Cluster Information
Database |-« a Genomic —|
Datab System Systems System
System atabase Information

Execution sub-jobs

Status Information:

L Co:bm?mn > Job Monitor + Size of each segmentation
esus System + Execution time
System S - Is it success?
{Dispatch sub-jo:.NA
)
mpiBlast mpiBlast mpiBlast
Server Server Server
' Cluster
Systems
L) EI
P

Figure 3-2 The G-BLAST System Architecture
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Moreover, we design a command-line interface for system manager that functions are
testing G-BLAST, managing Index Database, and managing Information Database. In
management Index Database function, the genomic database is indexed in Index Database and
generating a sorted genomic database when a genomic database registers in our environment
through this function. If the index record had existed, the information of this genomic

database will perform the Figure 3-4 procedure.

3.1 User Portal

The users have to use this framework via User Portal. The User Portal consisted Login
Service, Information Service, Job Service, and a Client GUI application; these services and
GUI application are implemented by JAVA language. In service portion, they are built on
Globus toolkit 4 WSRF Container on G-BLAST server. In GUI application portion, the users
use this application to register, login, submit job, check job status, and maintain their own
information. Because this application is implemented by JAVA language, it is a cross-
platform application. We selected WSRF standard to be G-BLAST framework’s interface
because WSRF can keep state for each job. In general, if an mpiBLAST user executes a job,
she/he usually holds on the terminal screen until the job finish and connects server to check
status and get result. But, in our interface, the Information Service can keep state. Therefore,
users do not need to hold on the client application until the job finish after they send a new
job to G-BLAST via Job Service; they can close the client application immediately. The state
of job is changed into successful when the job finishes correctly, or changed into failed when
the job executes incorrectly. If the state was successful, the G-BLAST returns the result,
execution time, and more information to user. The user can login the client application via

Login Service and see the details of each job via Information Service. Moreover, the users’

15



information and the hosts’” information are maintained by Login Service. The User Portal’s

flowchart is shown in Figure 3-3.

1. Register N 1B. Register

: [ 1A. Register G-BLAST _

I Register Form Log.ln 2B.login.

| 2A. Login Service User

| L Information
I

I

I

- 2. Login *,|:r Database

G-BLAST |G-BLAST

User Client 3B. Query
G-BLAST Information
3A. Getting .
' . Inf t <
|l 3 Getling Information nSo;:nv?c;on 3B. Query l
| — — Information p» Information
I —
: l_4B. Create G-BLAST
I 4. Send Job and 4C. Send Framework
: Getting Rresult | | G-BLAST Job
________ »b (==p || e—4A. Request—p Job @
g‘ Service
4
|

4D. Partial Result / Full Result File (HTTP Protocol)

Figure 3-3 User Portal Flowchart

3.2 Schedule System

The Schedule System sorts and checks Genomic Databases in the server and monitors the job
loading of the server. Since the sequence databases in this thesis are downloaded from NCBI
and their sequences in each database are not stored in Size order, you must reorder the
sequence every time when performing mpiformatdb command. “Size” refers to the letters or
length of a sequence. Besides, the time complexity of reordering database is associated with
number of sequence and length of each sequence. However, reordering database is wasting
time and unnecessary. Therefore, this system sorts original database according to sequence
length in descending order in advance and then divides them according to machine
performance. Moreover, the process database can help Segmentation Database System to

segment database more accurate. The databases will be provided for users after they are sorted.
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The advantage of sorting database in advance is the database unnecessary reordering again
when performing mpiformatdb. In addition, this system records the number of sequences,
number of letters, size, and date of the genomic database into Information Database when the
database is registered in G-BLAST, and records the same information after the database is
sorted.

Database checking is necessary because the genomic database may be lost (e.g., hard
discs was broken), even though the probability is extremely low. Hence, we must be sure this
database existing, which is needed by the user. If the checking result is true, the information
of physical file matches that of the Information Database, and then the user’s invocation is
accepted and the job will be delivered to the Job Dispatch System. If the result is false, this
system will check for sure that the original database existing or not. If the database exists, it
will be sorted again and then the job is delivered to the Job Dispatch System. If the database
does not exist, this system will notify the user that the invocation was rejected. Figure 3-4
shows the algorithm for checking databases.

Server loading is monitored because there may are many user invocations. We need to
get server’s statuses in order to avoid the loading too heavy. This system records the date,
time, and size of the genomic database into Information Database when G-BLAST is invoked,
and records the date and time again after the invocation is accomplished. Since these records
tell us the run time of each job and how many jobs are running, we can utilize them to
estimate the run time of a new job in advance. Moreover, we can also use them to control
server loading with this component by deciding which job runs immediately and which job
must wait for a while. Therefore, we propose a Schedule strategy to do this work, and its
algorithm is shown in Figure 3-5. The main technologies of implementation Schedule are

using the Semaphore and Shared Memory. Because G-BLAST execution each job is
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generating a new process via fork()System Call, each job has its own PID and memory area in
Linux System. Hence, we have to solve share variable problem if we feel like using

Semaphore to implement Schedule. So we utilize Shared Memory technology to solve this

problem.
1  Checking db(}{
2 if (The sorted database does not exist)}{
3 if (The original database does not exist)
1 Notifv the user that the sequence database does not exist ;
3 else
3] Sorting()
7 i
8 else{
g if (The information of phwsical file does not match that of the Information
Database){
10 if (The original database does not exist)
11 Notifv the user that the sequence database does not exist ;
12 else
3 Sorting() ;
14 }
15 H
16 }
17

18 //Sorting database in sequence length order
19 Sorting(y

20 Save the information of original database into Information Database ;

21 while (Not finished reading sequences){

22 Read sequences ;

23 Compute the length of each sequence ;

24 H

25 Using Quick Sort Algorithm sorts sequences according to sequence length in

descending order ;

26 Creating a new sorted database with the sorted sequences ;
27 Save the information of sorted database into Information Database ;
28 3

Figure 3-4 The Database Checking Algorithm
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Schedule(job_id){
inQueue = False :
if(G-BLAST System is busy){
inQueue = True ;
InQueuve(job id) :
Hold{job id):
Sleep(job _id) ;
h
while(This job is woke up by Monitor System and
inQueue = True){
inQueue = False ;
DeQueue(job id) ;
Free(job id):
;
Deliver this job to the Job Dispatch System ;

Figure 3-5 The Schedule Algorithm

3.3 Information System

This system collects the information (e.g., execution time) of each site’s own jobs from the
Job Monitor System and computes the performance. Please note that a site means a Cluster
unit or a stand-alone machine. The performance enables Job Dispatch System to select sites
that they are assigned to perform the job together. Job Monitor System records the size of
each fragment and job execution time and then notifies this system after the site’s own job is
accomplished.

We propose a method to compute the performance on site j called Pj as shown in
equation 1. Because the time complexity of a local alignment search is close to O(mn) in
mpiBLAST, our method utilizes this worse-case running time to compute a performance

value. Furthermore, the performance of the site, which is in the Information Database, will be
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adjusted by new performance value, and Job Dispatch System will reference this value to
dispatch next job. The parameters m and n represent the length of query sequence and the
length of the database. If there are i query sequences (i > 1), the time complexity will be
O(min+ myn + mgn + ... + min). Therefore, the performance value named alignment rate is
(min+ man + mgn + ... + m;in) divide by execution time. Moreover, this method computes
average alignment rate of the last five times in order to let Job Dispatch System can select
sites more accurately. For example, if a site had been performed five jobs and their alignment
rates are 15, 16, 17, 18, and 19. Now, there is a job which alignment rate is 20. This system
sums of the last five times alignment rates which are 16, 17, 18, 19, and 20 and then divide by
5. So the latest performance of this site will become 18. The times of 5 was derived
empirically from try-and-error using many different query size, database size, and number of
sites. Related variables are defined below.

e d: The number of history records in the last four times if the records more than four times.

0=d=4)

k: The number of sequences of query file.

mi: The length of the i™ query sequence.

n: The length of the database.

Texec: The execution time of the job.

+1 imi -n 1 (1)
_ i=1 .
Pi=2, T d+1

=0 exec

=>
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3.4 Job Dispatch System

This system fetches and analyzes system information via Information System and then utilizes
it to select sites, then informs Segmentation Database System how to segment the database
and then deliver the job to Job Monitor System.

In this work, we propose a method for selection sites, and the Equation 2 is estimate the
fragment size if this site is selected. Figure 3-6 shows the algorithm for selection the best
sites, and Figure 3-7 shows the Job Dispatch System flowchart. And related variables are

defined below.

N: Number of total sites, where N >0

b: Number of sites which are selected, where b >0

db_size: The size of genomic database

C(b): Collection of all subsets of size b from all sites of N

n_C(b): Number of elements of C(b)

S(i): ith subset of C(b)

Psi): The total performance of S(i)

Ps, j: The performance of site j from S(i)

Dsiy, j: The available disc space of site j from S(i)

Tfij: The theoretical fragment size on site

Tf = Pyq,; -db_size (2)

ij
PS(i)
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Selection(N, b){
if(v=1){
if{Dg(l}:l = db size)
return O ;
return Pg 1 :

}

else
i=1;
while(i = n C(b)){
J=1:
while(; = b){
if( Dy ; = T
Psip =0
break ;
h

i
}
i+
¥

return maximum( {Ps;}) :
h

}

maximum({Ps;} )|
mdex=1;
i=2;
while(i = n_ C(b)){
i Psingery < Pti)
mdex=1:
i+t

}

Save the information of S(index) :

return P,

Figure 3-6 Sites Selection Algorithm
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T1=0;
T2=0; Start
b=1;

T2 = Selection(N, b) [« T «
. T
F
v

b++ ;

T—p T1=T2; Assignment T1

A

T1 = T2

Figure 3-7 Job Dispatch System Flowchart

3.5 Segmentation Database System

This system segments genomic sequence databases. You perhaps have a question that is why
you do not use mpiformatdb command provided by mpiBLAST.
The reason is that the mpiformatdb command uses simple division, putting the sequences

in each fragment of the original sequence database in a round-robin strategy and divides
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sequence databases into approximately equal size fragments. Since our system has a
hierarchical architecture and heterogeneous environment, each site may have its own
computational ability and network speed, dividing sequence databases into approximately
equal size fragments is not a good method for us. Moreover, because mpiBLAST uses Local
Alignment algorithm to compare a sequence against a database, the time complexity is
associated with sequence length and query length. Consequently, it may lead to faster sites
needing to wait for slower sites to complete their sub jobs, and strongly affects performance.
Therefore, we divide sequence databases into different size fragments according to site speed
and capacity. For example, if a job is performed by two sites, A and B, and site A has twice
the total performance of site B. This component will divide the sequence database into a two-
thirds fragment and a one-third fragment, and assign the two-thirds fragment to site A and the

other to site B. This example is shown in Figure 3-8.

Database
(300 MB)
Segmentation
Database
System
Fragment A Fragment B
(200 MB) (100 MB)
Site A Site B
Performance: 2000 Performance: 1000

Figure 3-8 Example for Segmentation Database System
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Figure 3-9 shows the Database Segmentation System flowchart. In this work, we propose
a method for segmentation database, and both Equations 3 and 4 play an important role in
deciding which file needs to be written. Related variables are defined below.

e N: Number of total sites

S: Number of total sequences

Li: Length of sequence i

P: The sum of performance of N sites

Pj: The performance of site

C;: The current total sequences length of file j

Tlij: The theoretical total sequences length of file j, excluding sequence i

Tlij': The theoretical total sequences length of file j, including sequence i

D;: The difference between Cjand (Tl;j + Lj)

P & (3)
Tl; :F-%:L,
\ P (4)

25



47

<4 Reading Sequence i

T E
D; =(Cj- (Tl + Ly);
F Fol j=(+)%N;
count++;
T
v
Writing sequence i
= g into file j ; < j=minimum{D;} <«———T
Ci=Cj+L;
T—p j=(++) %N P i++ -
- 5

Figure 3-9 The Database Segmentation System Flowchart
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3.6 Job Monitor System

It dispatches sub-jobs assigned by the Job Dispatch System and delivers the fragments, which
are divided by the Database Segmentation System, to each site via GridFTP. It also monitors
and records the statuses of each site, and notifies the Information System to digest this
information after any site finishes its own job.

Moreover, it dynamically generates a C++ source code named run_mpiBLAST.cpp and a
shell script file. The functions of this program are getting query sequence and sub-database
via Grid FTP, execution grid-proxy-init command, execution mpiformatdb command,
execution mpiblast command, and return sub-result to G-BLAST Server. The functions is
compiling the C++ source code on slave node, then performing it and then return the result

file to G-BLAST.

3.7 Combination Results System

Because sequence databases are segmented by the Segmentation Database System in advance,
many unwanted result files are generated, rather than one complete result file. This
component combines all result files belonging to a job into a complete result file and shows it

on the user’s display via the User Client Application.

3.8 mpiBLAST Cluster System

The mpiBLAST Cluster System software architecture is shown in Figure 3-10. This Cluster

System consisted mpiBLAST Server and mpiBLAST Client.
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3.8.1 mpiBLAST Server

This is a master node of a Cluster System. First, it receives a C++ source program named
run_mpiBLAST.cpp from G-BLAST Server. The functions of this program are getting query
sequence and sub-database via Grid FTP, execution grid-proxy-init command, execution
mpiformatdb command, execution mpiblast command, and return sub-result to G-BLAST

Server. Second, it compiles run_mpiBLAST.cpp. Third, it executes run_mpiBLAST. These

steps are executed by G-BLAST Server via the Expect script.

mpiBLAST
Server

run_mpiBLAST

mpiBLAST 1.4.0

Grid FTP Execution MPICH-G2
management
Globus Toolkit 4.0.1
J2SDK 1.5.0_07 C/C++

Fedora Core 4 Linux System on Cluster System

Figure 3-10 The mpiBLAST Cluster System Software Architecture

3.8.2 mpiBLAST Client

These nodes belong to a Cluster System. They comply with master node assignment to

execute mpiBLAST program.
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Chapter 4

Experimental Environments

4.1 mpiBLAST on PC Cluster Environment

Our PC Cluster is a low cost Beowulf-type class supercomputer that utilizes multi-computer

architecture for parallel computations. It consists of ten PC-based symmetric multiprocessors

(SMP) connected by one 16-port 1Gbps Ethernet switches with Fast Ethernet Interface at

HPC laboratory in Tunghai University. Therefore, there are total 20 processors for our PC

Cluster experiment. Moreover, this environment is made up one server node and nine

computing nodes. The server node has an Intel Pentium D 2.8GHz processor and 1GBytes

DDRII memory. Among these nine computing nodes, three of them are Intel Pentium D

2.8GHz nodes, while the others are six AMD Athlon 64 X2 Dual Core 3800+ nodes; each

node has 1GBytes DDRII memory. The PC Cluster hardware configuration is shown in Table

4-1, the logical diagram of PC Cluster architecture is shown in Figure 4-1, and the PC Cluster

software architecture is shown in Figure 4-2.

Table 4-1 PC Cluster Hardware Configuration

Host Name CPU Type Speed Memory |Network
Server | G-BLAST Intel(R) Pentium(R) D CPU 2.8 GHz | 256MB x 4 | 1 Gbps
Bio AMD | bio01 ~ 06 |AMD Athlon(tm) 64 X2 Dual Core[ 3800+ | 512MB x 2 | 1 Gbps
Bio DELL|bio07 ~ 09 Intel(R) Pentium(R) D CPU 2.8 GHz | 512MB x 2 | 1 Gbps

29




N 1 Gbps
‘ Switch Hub

mpiBLAST User

1 Gbps

G-BLAST
Server

| bio01 ~ bio09 |

[ Tung-Hai University ]

Figure 4-1 The Logical Diagram of PC Cluster Architecture

mpiBLAST 1.4.0

Execution MPICH-G2
management

Globus Toolkit 4.0.1

J2SDK 1.5.0 07 | C/ C++

Fedora Core 4

Figure 4-2 PC Cluster Software Architecture
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4.2 G-BLAST on Grid Environment

The G-BLAST Framework experiments were performed on a Grid test-bed which contains

three Cluster systems. One consists of one server node and five computing nodes in Tunghai

University, another consists of one server node and two computing nodes in Tunghai

University, and the other consists of one server node and three computing nodes in Hsiuping

Institute of Technology. The G-BLAST hardware configuration is shown in Table 4-2, the

logical diagram of Grid architecture is shown in Figure 4-3, and the software architecture is

shown in Figure 3-10. In this environment, the G-BLAST server is not an mpiBLAST master

node anymore. G-BLAST server is a Grid master node, and G-BLAST framework is built on

it. In addition, the bio01, bio07, and gridhitO are mpiBLAST server node in their own Cluster

System.
Table 4-2 G-BLAST Hardware Configuration
Host Name CPU Type Speed Memory |Network
Server | G-BLAST Intel(R) Pentium(R) D CPU 2.8 GHz | 256MB x 4 | 1 Gbps
Bio_ AMD | bio01 ~ 06 |AMD Athlon(tm) 64 X2 Dual Core[ 3800+ | 512MB x 2 | 1 Gbps
Bio_DELL|bio07 ~ 09 Intel(R) Pentium(R) D CPU 2.8 GHz | 512MB x 2 | 1 Gbps
HIT |gridhit0 ~ 3 Intel(R) Pentium(R) 4 x 2 2.8 GHz 512MB {100 Mbps
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Q\% 10/100 Mbps
. Switch Hub

Internet

Cgridhit0 | [ gridhit1~3 |

g
Hsiuping Institute
of Technology

| bio01 || bio02 ~ bio06 || bio07 || bio08, bio09 |
( Tung-Hai University )

Figure 4-3 The Logical Diagram of Grid Architecture
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Chapter 5

Experimental Results

Both PC Cluster and Grid experiment are using two query files nt.5706771 (containing 1

sequence, 195,299 letters) and nt.ests (containing 1,931 sequences, about 583,468 letters)

against four genomic databases. The specifications of databases are shown in Table 5-1.

These databases and query file are maintained by NCBI.

5.1 mpiBLAST on PC Cluster Environment (Query: nt.5706771)

Our experiments are execution mpiBLAST on 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 processors

to compare the time. The specification of number of processors is shown in Table 5-2. In

order to aspire get more accurate data, we execute 5 times per experiment and calculate the

average time. Because we will use these experiment results compared to the experiments of

G-BLAST, the time of these experiments are including mpiformatdb phase and mpiblast

phase.

Table 5-1 Database Specification

Database Name Number of Sequences Number of Letters Size (MB)
igSeqNt 570,733 49,362,505 55
sts 882,506 496,121,312 o571
patnt 3,256,906 1,981,990,296 2,142
est_mouse 4,719,477 2,193,300,391 2,773
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Table 5-2 Number of Processors Specification

Number of Processors Machines
4~6 G-BLAST+bio07 ~ 09
10~20 G-BLAST + bhio07 ~ 09 + bio01 ~ 06

Figure 5-1 is the mpiBLAST software experimental results that using nt.5706771 against
four genomic databases. These results compare the execution time between original database
and sorted database. Notice that these sorted databases (e.g., igSeqNt_sorted) are sorted by G-

BLAST in advance so they are formatted by mpiformatdb with --skip-reorder parameter.
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Execution Time (second)
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4 6 8 10 12 14 16 18 20
Genomic Database

14000 |mest_ mouse (2,773 MB) Oest_mouse_sorted (2,773 MB)

12000

Execution Time (second)

4 6 8 10 12 14 16 18 20
Genomic Database

Figure 5-1 Execution Time of mpiBLAST in PC Cluster (Query: nt.5706771)

From the results, we can easily to find out the Cluster System can reduce more time to
perform the sequence alignment. However, we also can observe inverted scaling for
mpiBLAST (i.e., longer execution time when using more processors) when running on more
than 10 processors in database (igSegNt, 55MB), running on more than 10 processors in
database (sts, 571MB), running on more than 6 processors in database (patnt, 2,142MB), and
running on more than 16 processors in database (est_ mouse, 2,773MB). Therefore, we

observed that the size of database is weakly pertinent to the execution time of scaling of
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mpiBLAST. Furthermore, the user usually assignment the maximum number of processors
(e.g., the maximum number of processors is 20 in our PC Cluster environment) for an
mpiBLAST job. In addition, we also can observation that the reordering database is wasting

time, especially in large database, so this phase is unnecessarily.

5.2 G-BLAST on Grid Environment (Query: nt.5706771)

Figure 5-2 shows the total turnaround time of using G-BLAST Framework compared to
execution time of mpiBLAST on PC Cluster that using nt.5706771 against four genomic
databases. Notice that the best case means the minimum execution time in the nine
experiment results on PC Cluster experiment, and the worst case means the maximum
execution time. In the original database portion, we can observation that G-BLAST is

significantly faster than the best time of mpiBLAST.

ol

B G-BLAST Framework

O mpiBLAST (with --skip-reorder, Best Case)
O mpiBLAST (with --skip-reorder, Worst Case)
O mpiBLAST (Best Case)

B mpiBLAST (Worst Case) —

SN

N w
T

[y

Execution Time (Log10(second))

o

igSeqNt (55 MB) sts (571 MB) patnt (2,142 MB) est_mouse (2,773 MB)

Genomic Database

Figure 5-2 G-BLAST Framework vs. mpiBLAST (Query: nt.5706771)

In here, the most improvable execution time is that it skips reordering the genomic

database. Therefore, G-BLAST has advantage over mpiBLAST in that G-BLAST is sorting
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database in advance. In the sorted database portion, because G-BLAST can choose the most
adaptive sites via Job Dispatch System, the performance of alignment should scale well in
each case. However, the preprocessors (e.g., Segmentation Database System, Job Monitor
System, Information System, and Combination System) are adding some overheads on G-
BLAST but mpiBLAST has not these overloads. Therefore, the performance seems weakly
good in the “--skip-reorder” cases. Figure 5-3 illustrates a comparison of speedup between G-
BLAST Framework and mpiBLAST with and without “--skip-reorder” case for a query file

(nt.5706771) against four databases.

—-=—1.198
—=—1.154 —-=—1.213
! 1198 —=—1.001
a ——1.023 ——0.939
3 ——0.893
3
[oR
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—=— Speedup (Best Case)
—— Speedup (with --skip-reorder, Best Case)
0
igSegNt (55 MB) sts (571 MB) patnt (2,142 MB) est_mouse (2,773 MB)
Genomic Database

Figure 5-3 The Speedup of G-BLAST Framework (Query: nt.5706771)

5.3mpiBLAST on PC Cluster Environment (Query: nt.ests)

Figure 5-4 is the mpiBLAST software experimental results that using nt.ests against four
genomic databases. From the results, we can easily to find out the Cluster System can reduce

more time to perform the sequence alignment.
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Figure 5-4 Execution Time of mpiBLAST in PC Cluster (Query: nt.ests)

However, we also can observe inverted scaling for mpiBLAST (i.e., longer execution
time when using more processors) when running on more than 14 processors in database
(igSeqNt, 55MB), running on more than 14 processors in database (sts, 571MB), running on
more than 18 processors in database (patnt, 2,142MB), and running on more than 16
processors in database (est_mouse, 2,773MB). Therefore, we observed that the size of
database is weakly pertinent to the execution time of scaling of mpiBLAST. Furthermore, the
user usually assignment the maximum number of processors (e.g., the maximum number of
processors is 20 in our PC Cluster environment) for an mpiBLAST job. In addition, we also
can observation that the reordering database is wasting time, especially in large database, so

this phase is unnecessarily.

5.4 G-BLAST on Grid Environment (Query: nt.ests)

Figure 5-5 shows the total turnaround time of using G-BLAST Framework compared to

execution time of mpiBLAST on PC Cluster that using nt.ests against four genomic
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databases. Notice that the best case means the minimum execution time in the nine
experiment results on PC Cluster experiment, and the worst case means the maximum
execution time. In the original database portion, we can observation that G-BLAST is

significantly faster than the best time of mpiBLAST.

B G-BLAST Framework

O mpiBLAST (with --skip-reorder, Best Case)
O mpiBLAST (with --skip-reorder, Worst Case)
4 | OmpiBLAST (Best Case) —
B mpiBLAST (Worst Case)

Execution Time (Log10(second))

igSegNt (55 MB) sts (571 MB) patnt (2,142 MB) est_mouse (2,773 MB)

Genomic Database

Figure 5-5 G-BLAST Framework vs. mpiBLAST (Query: nt.ests)

In here, the most improvable execution time is that it skips reordering the genomic
database. Therefore, G-BLAST has advantage over mpiBLAST in that G-BLAST is sorting
database in advance. In the sorted database portion, because G-BLAST can choose the most
adaptive sites via Job Dispatch System, the performance of alignment should scale well in
each case. However, the preprocessors (e.g., Segmentation Database System, Job Monitor
System, Information System, and Combination System) are adding some overheads on G-
BLAST but mpiBLAST has not these overloads. Therefore, the performance seems weakly in
the “--skip-reorder” cases. Figure 5-6 illustrates a comparison of speedup between G-BLAST
Framework and mpiBLAST with and without “--skip-reorder” case for a query file (nt.est)

against four databases.
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Figure 5-6 The Speedup of G-BLAST Framework (Query: nt.ests)

5.5 Learning Curve

Figure 5-7 shows the learning curve of G-BLAST Framework. These experimental results use
nt.ests against four genomic databases respectively. We set the same performance value to PC
Clusters (Bio_AMD, Bio DELL, and HIT) at the start of each experiment in order to
highlight the learning ability of G-BLAST. The performance value will be modified in
accordance with execution performance after each experiment, and this performance value is
computed by Information System. Because the fragment size is associated with performance
value, we can observe the variation of performance value from Figure 5-8. From these results,

we can easily to find out the G-BLAST has good learning ability.
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Figure 5-8 The Fragment Size of Each Experiment

5.6 Discussions

Four findings from G-BLAST Service are worth summarizing.

First, G-BLAST segments sequence databases in advance in accordance with the Job
Dispatch System and then decides which sites need to run the jobs. Conventional mpiBLAST
divides sequence databases into approximately equal fragments using the mpiformatdb
command and then assigns the fragments to nodes. However, the sites may have different
computation capacities and network speeds, especially in the Grid environment. It perhaps
leads to faster sites wait for slower sites to complete their own job. Overall performance is
strongly affected by this situation.
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Second, G-BLAST does not use the mpiformatdb command. It just segments the
sequence databases, which is faster than using mpiformatdb. G-BLAST lets mpiBlast Server
executes mpiformatdb and formats its own fragments. This is just like performing
mpiformatdb in parallel, and is faster than conventional mpiBLAST. In addition, execution
mpiformatdb by mpiBlast server can avoid G-BLAST Server overloading with segmenting
sequence databases.

Third, G-BLAST is flexible compared to conventional mpiBLAST. Because each
Cluster System is independent, each can easily adjust its environment or performance.
Conventional mpiBLAST needs more steps to make such adjustments.

Fourth, G-BLAST mpiBLAST is GUI-operated, rather than command-line-operated,
which makes it easier to use. Results are also visible on users’ screens allowing one-touch

storage.
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Chapter 6

Conclusions and Future Work

This paper proposes the Grid-based solution named G-BLAST Framework. It integrates
mpiBLAST into a Grid environment. We also report on implementing a Grid Service Portal
that enables users to use G-BLAST Framework.

Currently, there are three advantages of this framework. First, the G-BLAST is friendlier
than mpiBLAST because we provider a GUI application that enable users to use G-BLAST
via this interface. Second, the G-BLAST is more flexible than mpiBLAST because the G-
BLAST selects sites dynamically and segments genomic database according to sites
performance and history records. Third, the G-BLAST is faster than mpiBLAST because the
G-BLAST re-orders the genomic database in advance and performs mpiformatdb with “--
skip-reorder” in parallel.

All the above, the G-BLAST has more efficient than mpiBLAST. Moreover, we will
keep improving the Schedule System, Information System and Job Dispatch System strategies

to enable better G-BLAST performance in the future.
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