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Abstract

Modern bio-diversity researchinvolves systematicand simultaneousstudy of macro-and micro-level
relationshipbetweenvarious biological entities. BODHI* [3, 4] is a native object orienteddatabase
systemwhich seamlesslyntegratesthe taxonomyspatial and sequenceéypesof dataoccurringin bio-
diversity studies.

BODHI implementsthe heuristicsbasedBLAST algorithm to handlesequencesimilarity queries.
Performancesvaluationof BODHI indicatedthat theseBLAST operationsare far costlierthan other
operatorsupportedn BODHI, indicatingneedfor ef cient sequencindex structuresPopularsequence
alignmentpackagesike Mummerusesufx trie indexing techniqueso getaccuratesequencalignments
efciently, withoutusingBLAST like heuristics.SPINEis arecentlyproposedhorizontallycompressed
sufx trie index which wasreportedo performbetterthanMummer The rst partof this projectwasto
integratethe SPINEindexing techniquewith BLAST implementatiorin BODHI to speedup sequence
similarity queries.

BODHI fully supportsOQL/ODL queryinginterfaceon the sener side. However for bio-diversity
researcherghe systemis more corvenientif BODHI comeswith a userfriendly interfacethat allows
themto specify querieswithout having to know OQL. The interface shouldtake care of corverting
the userspeci ed queriesinto OQL, run the OQL queryon sener anddisplaythe answergo usersin
an elggantmanner The secondpart of this projectaimedat building a graphicalquery interface for
plantbio-diversity databaseurrentlybeinghostedwith BODHI. We have developeda web-basedjuery

interfacewhich achiezesthis aim.

1BODHI is thetreeunderwhich Budhhagainedenlightenment
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Chapter 1

Intr oduction

Modernbio-diversity researchnvolves systematicand simultaneousstudy of macro-and micro-level
relationshipsbetweenvariousbiological entities. Multi-domain queriesof the following kind arein-

creasinglycommonamongtheresearcherm this eld:

Retrieve thenamesof all plant specieshathavecommornin or escencdocationcharacter
istics,share a part of their habitats,andhavea high chromosomaDNA sequencsimilarity

with Actinodaphne-bourneae

Answeringthis queryrequiresthe ability to procesgdataacross:(a) taxonomyhierarchiefcommon
in or escencédocation), (b) recordedspatialdistribution of speciedcommonhabitaf), and(c) genomic
sequencegchromosomabDNA sequenceaimilarity). Unfortunately dueto the lack of holistic database
systems piologistsare often forced to split the queryinto componeniqueries,eachof which canbe
processedeparatelypver specializedndependentoolsandservices Further theindividual resultshave
to be combinedeithermanuallyor throughthe useof a customizedool.

Motivatedby this lacunaof an informationmanagemensystemthat can supportcomplex queries
commonto bio-diversity researchBODHI (Biodiversity Object DatabasearcHItecture)[3, 4], a na-
tive object-orientedlatabaseystemthat seamlesslyntegratesmultiple typesof dataoccurringin bio-
diversitystudieshasbeendevelopedn Indianinstituteof Scienceoverlastfew years. BODHI expresses
the samplemulti-domainquery presentedbove usingan OQL(ObjectQueryLanguage]6] syntaxas
shavnin Figurel.1.

Tothebestof ourknowledge BODHI is the rst systemto provide suchanintegratedview of diverse

biologicaldomainsrangingfrom molecularto organism-leel information.
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SELECT species2.name FROM

speciesl IN PlantSpecies, species2 IN PlantSpecies,

dnal IN speciesl.DNAEntries, dna2 IN species2.DNAEntries
WHERE

speciesl.name = "Actinodaphne-bourneae” AND

speciesl. o werchar.in ochar = species2. o werchar.in ochar AND

speciesl.georegion OVERLAPS species2.georegion AND

dnal BLAST dna2 WITHIN 70;

Figurel.1l: Expressinga Multi-domain Query in BODHI

1.1 Part I: The SPINE Genomiclndex

BODHI achiezeshigh performanceoy emplgying a variety of specializecaccesstructureseportedin
the researcHiterature for handling predicatesover taxonomyhierarchiesand spatialdata. However
performancesvaluationof BODHI [4] indicatedthatsequencesimilarity operationsarefar costlierthan
otheroperatorsupportedn BODHI, indicatingneedfor ef cient sequencéndex structures.

Sufx trees[10] (i.esufx trie indexe9 are popularchoicefor indexing sequences the database
community Widely usedsequencealignmentpackagedike Mummerusesufx treetechniqueto get
accuratalignmentsef ciently. RecentlyNeelapalaet.al.[21] suggeste@d novel horizontallycompacted
sufx trie index structurewhich wasfoundto consumeanuchlesserspaceascomparedo thetraditional
sufx treesand moreamenabldor a disk-basedsersion. It was alsofoundto performbetteron disk
whencomparedo the Mummer[7] packagepopularlyusedfor sequencaimilarity queries.

As the rst part of this projectwe have integratedthe SPINE [21] index structurewith BLAST
implementationn BODHI and studiedthe performanceof the modi ed algorithm as opposedo the

original BLAST implementation.

1.2 Part Il: Graphical User Interface Framework

The BODHI databaseener supportsull ODL (ObjectDe nition Language)6] interfacefor schema
de nition andOQL interfacefor queryingthedatabasetHowever for BODHI to beusefulin acornvenient
mannerto the bio-diversity researcherst shouldprovide a userfriendly graphicalgueryinterface. The
bio-diversity researchershouldbe ableto expresstheir queriesusing this interface and the interface
shouldtake careof corvertingthe inputinformationto OQL queriesautomatically This userinterface
is requiredto beintuitive, easilylearnableand shouldprovide the maximumfunctionality possible. It

shouldalsobe possibleto querythe databasérom anywherein theworld.
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To provide the abore mentionedunctionality we have implementeda web-basedjraphicaluserin-
terfacefor queryingthedatabasaswell asfor visualizationof results.Easydisseminatiomf information
is supportedhroughthe useof XML in publishingthe resultsof queries providing addedsemanticgor

future dataexchangerequirements.

1.3 Organization of the Report

Chapter2 describeghe architectureof BODHI in brief. Chapter3 describeshe SHOREstorageman-
agerwhich hasbeenusedasabaclendfor implementinghe SPINEindex. In Chapte# we describethe
structureof SPINEindex in brief andthe relevantimplementatiordetailsfrom the work of Neelapala
et.al. Chapters describesurwork of re-implementatiomndintegrationof the SPINEindex structuren
BODHI. Theissuesnvolvedin thedesignof theuserinterface thetechnologychoices andimplementa-
tion asawebbasednterfaceareexplainedin Chaptei6. Finally Chapter7 summarizesheachiezements

of this projectandthefuture work.



Chapter 2

Ar chitecture of BODHI

Thearchitecturef BODHI is shavnin Figure2.1. The SHORE[5] storagenanageravailablefrom Uni-
versityof Wisconsin atthe baseprovidesthefundamentaheedsf a databassener suchasdevice and
storagemanagementransactiorprocessinglogging and recovery managementThe applicationspe-
ci ¢ moduleswhich supplytheobject,spatialandgenomicservicesarebuilt over this storagananager
andform the functionalcore of the system.The -DB [11] extensiblerule-basedjuery processoand
optimizerinterfaceswith thesefunctionalmodulesandperformsgueryprocessingndproducef cient
executionplansusingthe metadataxportedby themodules BODHI supportfull OQL/ODL queryand
datamodelinginterfacefor creationof newv databasschemasgatamanipulatiorandquerying.

Finally, the userinterfaceand XML publishingengineform the externalinterfaceto BODHI. The
secondpartof this projectwasto implementthis part.

The BODHI sener is partitionedinto threeservicemodules: Object Spatial and Sequenceeach
handlingthe associatedlatadomain. The servicemodulesprovide appropriatestorage,a modeling

interface,andevaluationalgorithmsfor predicate®ver the correspondinglatatypes.

2.1 Object Services

In queryingover bio-diversity data, it is commonto specify predicatesover long relationshippaths,or
overaninheritancehierarchyrootedat a choserbasetype. To ef ciently handlethesepredicatesaccess
methodsfor both inheritance(multi-key type Index [18]) and aggrejation hierarchieqpath-dictionary

index [17]) areincludedin this module.
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Query Processor (A-DB)
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_Object Services
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Figure2.1: Ar chitecture of BODHI
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2.2 Spatial Sewices

This moduleprovidesa spatialtype systemfor modelingof spatialdataassociatedvith biologicalin-
formation. Variousgeometricoperatorsuchasoverlap, adjacent,areg, etc.,areimplementecver this
type system.The moduleincorporateR*-Tree[2] andHilbert R-Tree[16] indexing to speedup these

otherwisesxpensve operators.

2.3 Sequenceservices

This moduleprovides ef cient storageand operationsover genomesequencealataof species. It im-
plementghe de-facto standardalignment-basedgequenceaimilarity algorithmof BLAST [1] A Value
AddedSener (explainedin Chapter3), GeneStorehandleshe queryingof sequencelatafor this algo-
rithm. We have implementedhe SPINEindex in this module.

Figure 2.1 indicatesthe positionsof the SPINE and userinterface modulesin the overall BODHI
architecture.Figure 2.2 shaws the implementatiordetailsof BODHI andthe interactionshetweenthe
variousfunctionalmodulesof the system.For more detailson the implementationwe refer the reader

to[3, 4].



Chapter 3

The SHORE StorageManager

PleaseNote: Most of the text in this Chapter is taken from [5] and SHORE manual pages[22].
SHORE(ScalableHeterogeneou®bjectREpository)[5] is a persistenbbjectsystenthatrepresents

amemgerof object-orientediatabas¢OODB) and le systentechnologiesin this Chapterwe describe

featuresof the SHORE (or Shore)system,which forms the back-endof the BODHI databaseystem.

The SHOREsystemhasalsobeenusedfor theimplementatiorof SPINEgenomicindex.

3.1 Architecture of SHORE

SHOREexecutesasa groupof communicatingorocessesalled SHOREseners. SHOREsenerscon-
stitute exclusively of trustedcode,including thosepartsof the systemthat are provided as part of the
standardSHORE releaseaswell as codefor Value Added Seners (VASs) that can be addedby so-
phisticatedusersto implementspecializedfacilities (e.g., a query shippingSQL sener). Application
processemanipulateobjects while senersdealprimarily with x ed-lengthpagesallocatedfrom disk
volumeseachof whichis managedy asinglesener.

The SHOREsenerplaysseveralroles.First, it is thepage-cachenanagerSecondtheseneractsas
anagentfor local applicationprocessesWhenan applicationneedsan object,it sendsan RPCrequest
to thelocal sener, which fetchesthe necessarpagesandreturnsthe object. Finally, the SHOREsener
is responsibldor concurreng controlandrecovery. A sener obtainsandcachedocks on behalfof its
local clients. The ownerof eachpageis responsibldor arbitratinglock requestgor its objectsaswell as

loggingandcommittingchangedo the page.
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3.1.1 SHORE Software Components

Themainsoftwarecomponent®f SHORE(Figure3.1) constitutethe SHOREsener andthe Language

Independent.ibrary.

CLIENT

Application Code

Language
Independent Object Cache

Library

RPC Interface

SHORE VAS Interface

Storage Manager

Page Cache

SERVER

Figure3.1: Application - Sewer Interface

3.1.2 The LanguagelndependentLibrary

The Languagdndependent.ibrary containsthe object-cachenanagemhich takes careof cornverting

objectreferencesn diskto mainmemoryaddresses.

3.1.3 The SHORE serwer

The SHOREsener (Figure3.2) is divided into two main componentsa Serverlnterface which com-
municatesvith applicationsandthe Stolage Manager (SM), which manageshepersistentbjectstore.

The Sener Interfaceis responsibldor providing accesso SHOREobjectsstoredusingthe SM.

3.1.4 Value Added Serer

The SHOREsener codeis modularly constructedso that userscan build application-speci cseners,

thussupportingthe notion of “value-added’seners(VAS). The Sener Interfaceis an exampleof one
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SHORE VAS

Object Access Control NFS VAS

Operating System VAS-SM Interface

T
|
Interface : Transaction Object Index

Threads |
[

SM Core

Asynchronous
10

' Transaction Manager Page Cache

Recovery Manager  Lock Table

|
|
|
|
Figure3.2: SHORE SystemAr chitecture

suchVAS. Anotherexamplefor VAS is the NFS le senerwhichis usedto mountthe entiresubtreeof
the SHOREnamespaceon an existing Unix le system.Whenapplicationsattemptto accessles in
this portion of the namespacethe Unix kernelgenerateNFS protocolrequestghatarehandledby the
SHORENFSvalueaddedsener.

EachVAS providesanalternatve interfaceto the storagemanagerThey all interactwith thestorage
managethrougha commoninterfacethatis similar to the RPCinterfacebetweerapplicationsandthe
sener. It is thuspossibleto write a new VAS asa client processandthenmigrateit into the sener for
addedefciency. Below the sener interfacelies the StorageManager(SM). The SM canbe viewed as
having threesub-layers.The highestis the VAS-SM interface,which consistgprimarily of functionsto
controltransactiongndto acces®bjectsandindexes. The middle level compriseghe coreof the SM.
It implementsrecords,indexes, transactionsgoncurreng controlandrecovery. At the lowestlevel are
extensiondfor distributedsener capabilities.In additionto theselayers,the SM containsan operating
systeminterfacethatpackagesogethemultithreadingasynchronoulO andinterprocessommunica-

tion.

3.2 The VAS-SM Programming Interface

The SHOREStorageManagenSSM)is a packageof librariesfor building objectrepositorysenersand
their clients. Thesdibrariesareusefulfor managingpersistenstorageandcachingof un-typeddataand
indexes. They alsoprovide disk andbuffer managementransactionsgoncurreng controlandrecovery.

A VAS relieson the SSM for the above capabilitiesand extendsit to provide more functionality In
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the following Sectionswe describesomeof the facilities that can be accessedhroughthe VAS-SM

programmingnterface.

3.3 VAS API : StorageFacilities

The SSM providesa hierarchyof storagestructures.A descriptionof eachtype of storagestructureis

givenbelow.

3.3.1 Devices

A device is a location, provided by the operatingsystem,for storing data. A device is eithera disk
partition or an operatingsystemle. A device is identi ed by the nameusedto accesst throughthe
operatingsystem.Eachdevice is managedy a singlesener. For eachmounteddevice, the sener forks
a procesdo performasynchronou#/O on the device. Theseprocessesommunicatewith the sener

throughsocletsandsharednemory

3.3.2 Volumes

A volumeis acollectionof le andindex storagestructureqdescribedbelon) managedasa unit. All
storagestructuresesideentirelyon onevolume. A volumehasa quotaspecifyinghow mustlargeit can
grow. Everyvolumehasa dedicated * -treeindex, calledtherootindex, to be usedfor catalogingthe

dataonthevolume.

3.3.3 Filesof Records

A recod is anun-typedcontainef bytes,consistingof atag, headerandbody. Thetagis asmall,read-
only locationthatstoresthe recordsizeandotherimplementation-relateshformation. The headethasa
variablelength,butis limited by thesizeof aphysicaldisk page.A VAS maystore-informationaboutthe
record(suchasits type)in theheaderThebodyis the primary datastoragdocation.A recordcangrov
andshrinkin sizeby operationghatappendandtruncatebytesattheendof therecord.A le isacollec-
tion of records Filesareusedfor clusteringrecordsandhave aninterfacefor iteratingoverall therecords
they contain. Thenumberof recordghata le canholdis limited only by the spaceavailableonthevol-
umecontainingthe le. Methodsfor creating/destiging les, creating/destiging/appending/truncating

recordsandpinningrecordgor readingarealsoprovidedaspartof theinterface.
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3.3.4 B*-treelndexes

B* treeis the mostpopularindexing methodin database&ommunity The B * -tree index facility in
SHORE provides associatie accesdo data. Keys andtheir associatedrialuescan be variablelength
(up to the size of a page). Keys canbe composedof ary of the basic C-languageypesor variable
length characterstrings. A bulk-loading facility is provided. The numberof key-value pairsthat an
index canhold is limited only by the spaceavailable on the volume containingthe index. Routines
for creating/destiging indexes,searchinganditeratingover a rangeof keys areprovided aspartof the

interface.

3.3.5 R -treelndexes

An R-Tree[14] is a height-balancetreestructuredesignedspeci cally for indexing multi-dimensional
spatialobjects.It storesthe minimum boundingbox (with 2 or moredimensionspf a spatialobjectas
thekey in the leaf pages.The currentimplementatiorin SHOREis a variantof R-TreecalledR*-Tree
[2], whichimprovesthe searchperformanceéy usinga betterheuristicfor redistrituting entriesanddy-
namicallyreoiganizingthetreeduringinsertion.All theoperationgrovidedfor B * -treeimplementation

arealsoprovidedfor R -tree.

3.4 VAS API : Transaction Facilities

As a databasestorageengine,the SSM provides the atomicity, consisteny, isolation, and durability

(oftenreferredto asACID) propertiesassociateavith transactions.

3.4.1 Transactions

A transactionis anatomicsetof operationonrecords,les, andindexes. Theinterfaceprovidesmeth-
odsfor beginning, committingandabortingtransactionsUpdatesmadeby committedtransactionsre
guaranteedb bere ected on stablestoragegvenin the eventof software or processofailure. Updates
madeby abortedransactionsirerolled backandarenotre ected on stablestorage.

Althoughnestedransactiongrenotprovided, thenotionof save points is there.Save-pointsdelineate

asetof operationghatcanberolled backwithout rolling backtheentiretransaction.
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3.4.2 ConcurrencyControl

Transactiongrealsoa unit of isolation. Locking is provided by the SSMasa way to keepatransaction
from seeingthe effect of anothey uncommittedransaction.Normally, locksareimplicitly acquiredoy
operationghatacces®r modify persistentiatastructuresbut the SSMinterfacealsoprovidesmethods
for locksto beacquiredexplicitly.

The SSM usesa standardhierarchical,two-phaselocking protocol [13]. For a le, the hierarchyis
volume, le, pagerecord; for anindex, it is volume,index, key-value.
Chainedtransactionsarealsoprovided. Chaininginvolvescommittinga transactionretainingits locks,

startinga new transactiorandgiving thelocksto the new transaction.

3.5 VASAPI : Crash Recorery Facilities

Thecrashrecovery facilities of the SSM consistof logging,checkpointingandrecorery management.

3.5.1 Logging

Updategperformeddy transactionsreloggedsothatthey canberolledback(in theeventof atransaction
abort)or restoredin theeventof acrash).Boththeold andnew valuesof anupdatedocationarelogged
(so-calledundo/redologging). This techniquesupportsouffer managemenpolicieswith the properties
calledsteal(a dirty pagecanbe written to disk at ary time) andno force (dirty pageneednot be forced
to disk atcommittime).

Thelog is asequencef log records.Thelog is storedin Unix les in aspecialdirectory Thesizeand

locationof thelog is determinedy con gurationoptions.

3.5.2 Checkpointing

Checkpointsare taken periodically by the SSM in orderto free log spaceand shortenrecovery time.
Checkpointsaare”fuzzy” anddo notrequirethe systemto pausewhile they arecompleting.However no

interfaceis providedfor a VAS programmeto controlcheckpointing.

3.5.3 Recovery

The SSM recovers from software, operatingsystem,and CPU failure by restoringupdatesmadeby

committedtransactionsndrolling backall updatedy transactionshatdid not commitby the time of
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thecrash.

3.6 VAS API : ThreadManagement

Providing the facilities to implementa multi-threadedsener capableof managingmultiple transactions
is one of the distinguishingfeaturesof the SSM. Any programusingthe threadpackageautomatically
hasonethread.In addition,the SSM startsonethreadto do backgroundushing of the buffer pooland
anothetrto take periodiccheckpoints SSMalsoprovideslatcheswhich area read/writesynchronization
mechanisnfor threadsasopposedo lockswhich areusedfor synchronizingransactionsLatchesare

muchlighter weightthanlocks,have no symbolicnamesandhave no deadlockdetection.

3.7 VAS API : Communication and RPC Facilities

Clients (applications)needa way to communicatewith seners. The SSM containsa version of the
publicly available SunRPCpackagemodi ed to operatewith the SSM's threadpackage The SHORE
value-addedsener usesthis package. More detailson SSM programminginterface can be found in

SHOREmanualpageq22].



Chapter 4

The SPINE Genomiclndex

PleaseNote: Somepart of the text in this Chapter is takenfrom [21].

Performancevaluationof BODHI indicatedthatit wasthe sequencasimilarity queriesvhich were
the costliestandaffectedthe performancef crossdomainqueries.Thusthe needfor anindex structure
to improve the performancef sequencsimilarity querieswasfelt.

In this Chaptewe describethe variousmethodsusedby biologistsfor sequenceimilarity queries
andthe structureof the SPINE genomicindex, which hasbeenproposedecentlyasan alternatve to

traditionalsufx trie indexes.

4.1 State-of-the-Art

The sequencesearchtools that are currently usedby biologists can be broadly classi ed undertwo
headq19]: Seed-baseaxempli ed by BLAST, the classicalsequencalignmentpackagdl], andSuf-
x Tree-basedexempli ed by MUMmer [7], the recently-dgelopedalignmentsoftware from Celera
GenomicandTIGR (Thelnstitutefor GenomicsResearch)

In the seed-basedpproachthe datasequencés rst searchedor exact-matche®f shortseedse-
guencedrom the query sequence.Theseseedsequenceare storedin a keyword treethatis usually
implementedasa hashtable. The successfuexact matcheghenform the candidateshat are extended
into betteralignmentq1].

In the Sufx Tree-basedpproachpn the otherhand,an explicit index calledthe sufx tree[10] is
createdfor the entiredatasequence- this index storesall sufx esof the datasequencén a vertically-

compactedrie structure.The popularityof sufx treescanbeascribedo their having linear (in thesize

14
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Vertebra

Extension Rib
PRT(PT)

Figure4.1l: Example SPINE Index (for aaccacaaca

of thedata)constructiortime andspacecompleity aswell aslinear (in thesizeof the query)searching
times. This treeis thenusedfor nding all subsequendematcheof a givenlengthof more(i.e. seed
sequencgswith the query sequence Thesematchesarethen extendedin both directionsto getlocal

alignmentq7].

4.2 Structureof SPINE

Neelapalaet.al.[21] recentlypresented new index structurecalled SPINE (SequencérocessindN-
dexing Engine),which they foundto have avariety of advantagewith regardto thesufx treein terms
of its searchperformance.

We introducehere,the SPINEindex structurein brief. A samplepictureof a SPINEindex is shovn
in Figure4.1for thedatasequence@accacaaca . At its core,the SPINEindex consistsof a badkbone
formed by a linear chain of nodesconnectediy verteba edges representinghe underlyinggenome

sequenceThe nodesareadditionallyconnectedy forwardribs andextensiorribs, andbackward links

a substrings calledsubsequenciy thebiologists
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for facilitatingfasttraversalsoverthebackbonealuringtheindex constructiorandquerysearctprocesses.
All the edgeshave associatedabelsthat are assignedduring the constructionprocessand are usedto
determinewhich pathsarevalid for traversalin the SPINEstructure.

In particular eachvertebracorrespondso a charactein the input datasequenceandthis character
is usedto provide a characterlabel (CL) for the vertebra.Theribs andextensionribs represen{in con-
junctionwith the backbone)ll possiblesufx esof the datasequenceEachrib is alsolabeledwith a
charactetabel, correspondingo the charactethatit representin the associatedufx. Thecoalescing
of all the pathsinto a single pathleadsto the possibility of introducingfalsepositvesduring searchon
SPINE.To avoid this the ribs and extensionribs are labeledwith a PathlengthThreshold(PT) which
indicatesthe maximumpathlengththat canbe traversedbeforetraversingthat particularrib. The ex-
tensionribs have anadditionallabelcalledParentRib ThresholdPRT) associatedo identify themwith
a particularrib. The links have aninteger label called LongestEarly terminatingsufx Length(LEL)
which is alsoassignediuring index creationandhelpsavoid falsepositives. Dueto lack of space for
moredetailson the structurewe referthereaderto [21].

From an abstractviewpoint, SPINE can be viewed as a horizontal compaction of the trie of the
datasequencein marked contrastto sufx treeswhich representas mentionedearlier a vertical trie
compaction.The motivation behindthis horizontalcompactionis to avoid the duplicationof common
sggmentsamongthe variouspathsin thetrie, thusreducingthe numberof nodesandtherebythe space
requiredto index asequenceln fact, it carriesthisto thelogical extremeof representinggachcharacter
of theoriginal datasequencenly oncein theindex structure.Thisis in contrasto thesufx treeswhere
thenumberof nodesmaygo uptodoublethenumberof charactersn the sequence.

Further theimprovements not restrictedto just the numberof nodes put the sizeof SPINEnodes,
with theimplementatiorof Neelapalaet.al.,is alsosmallerthantheir sufx-tree counterpartsThe av-
erageindex overheadpbersequenceharacteis aboutl2 bytesasmentionedn [21], whereasMUMmer

requiresl7:4 bytespercharacteindexed.

4.3 Original Spinelmplementation

We enlistherefew propertiesof the SPINEindex structure which areimportantfor understandinghe

implementatioraspectsThesepropertiesarediscussedn moredetailsin [21].

Eachnodehasalink associatedvith it.
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Thevertebasneednotbeexplicitly representedjueto sequentiahllocationof nodes.
Eachnodecanhave from 0 to 4 rib entries.
A nodecanhave atmostoneextensiornrib emanatingrom it.

Due to the abore propertiesthe original implementationof SPINE as mentionedin [21] uses ve
differenttables.It consistof aLink Table (LT) andfour RibTables(RTs), entriesof which areshavn
in Figure4.2. The LT containsone entry for eachnode(character)n the string. It storesLEL of the
nodes link asoneof its columnswhile the othercolumnrepresentgitherthe destinationnodeof that
link (theLD eld) or apointerto anentryin oneof theRTs (thePTR eld). In particulay theLT stores
thelink destination®nly for the nodesthatdon't have ary ribs/extensionrib. For the remainingnodes,
they arestoredin the RT entriesonly.

Eachnodefeaturesn at mostoneRT table.A RT entryfor anodestoreshedestinatiomodeof the
link of thatnodeandalsothedestinatiomodeqtheRD elds) andthethresholdvalues(thePT elds) of
all theribs/extensiorribs emanatingrom thenode.And, lastly, the PRT eld denoteshe PRT valueof

theextensiorrib.

LT | o/PTR | LEL |

rr1| w | Rro [ pT | PRT]

RT2| D rRo | pr| RD | PT | PRT]

R3] w | wro | pr| ro | PT| RD | PT|PRT]

ral w [ ro [ pr] ro | pr| R0 | pr| RD | PT]FRT]

Figure4.2: Optimized SPINE Implementation

By implementingall the above optimizationsthe neteffectis thatthe averagenodesizein SPINEis
lessthan 12 bytes thatis, theindex takesupto 12 bytesperindexed characterThe advantageof smaller
nodesizesis re ected not only in spaceoccupang but alsoin improved constructionand searching

times.



Chapter 5

Integration of SPINE with BODHI

We hadat our handshesourcecodeof implementatiorof SPINEfrom Neelapalat.al. Thecodewritten
by themwasrequiredto bere-engineereth orderto integrateit with BODHI.

In thisChapteme rst describehefeaturesf original SPINEimplementatiorthatrequiredchanges.
Wethendiscussn Chapter5.1, how we have changedhesefeaturesanda few issueswhich arerelevant
to our implementationusing SSM. Finally in Chapter5.2 we discussthe integration of SPINE with
BODHI which requiredSPINEto be meigedwith theimplementatiorof BLAST in BODHI.

Thefeaturesof original SPINEcodewhich largely requiredre-engineeringre:

1. Originalimplementatiorusedoperatingsystemles for storingthe entriesin the LT andRT[1::4]
tables.Eachtablewasstoredn asingle le. Thisneededo bechangedo usingadatabasstorage

managerin particularthe SSM.

2. Useof SSMrequiredthestoragdechniqudo bechangedOriginal SPINEprogramstoredrecords
of eachtablein a separatele in asequentiamanner The recordswereaccessethackusingthe
recordnumberasa key. Dueto thelimited programmingnterfaceprovided by SSM, this storage
schemeof one le pertablecouldnotbeimplementedandalternatve storageschemevasneeded

to bedevised.

3. BODHI is aclient-serer databassystemwhichrequiredusto supportSPINEindex creationand
gueryingusinga client-serer interface. This neededsigni cant coderestructuringmodi cations

andaddingRPCbasedtlient-serer functionality

4. BODHI allows for multiple usersto accessreadand modify the databasesimultaneouslyWhen

usinganindex like SPINEwith BODHI, the ACID (Atomicity, Consisteny, Isolation,Durability)

18
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propertiesof all transactiongieedto be presered, which was not requiredwith the standalone
le-basedimplementatiorof Neelapalaet.al. The SSM providestransactiorfacilities to presere
ACID properties.To usethesefacilities, theinterfacefor adding,modifying, deletingandreading

recordswasneededo bemodi ed.

5. Theoriginalsourcecodeof SPINEwaswrittenin C, wherea88ODHI hasbeenmplementedising
C++. Thusthe codewasrequiredto be rewritten by addinga classinterface, making syntactic

changesandproviding properinterfacesfor interactingwith otherBODHI modules.

5.1 Re-Implementationof SPINE

In orderto supportthe above requirementsve madethe following changedgo the implementationof
SPINE:

5.1.1 Implementation asa VAS

We choseto implementSPINEasa Value AddedSener (VAS). Theadwantage®f implementingt asa

VAS canbeeasilyseerto be:

1. The codeof SHOREwas not requiredto be changed. Changesn the codeof SHOREwould
have hadsystem-widamplicationson BODHI andevery modulemight have requiredto undego

changes.
2. Thiseasilysatis esour requiremenbf providing a client-serer interface.

3. Theindex works asa separatenodulewhich interactswith othermodulesof BODHI, thusfacili-

tatingmodularcodeandeasierdevelopment.

4. 1t could further help the performanceby runningthe SPINE sener in parallelwith SHOREand
otherVASsin BODHI.

5. The handlingof index becomesndependenbf handlingof sequencesSequencearestill being
handledby the Genestord/AS alreadyexisting in BODHI. The SPINEVAS interactswith Gene-
storefor fetchingsequenceto build indexes. (As mentionedn [21]: oncetheindex is built, for

subsequenjueryingonedoesnot needto remember/kne the original sequence.)
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5.1.2 B* Treesfor storing records

As mentionedn Chapter3, the SSMinterfaceprovidesboth les of recordsandB * treeinterfaces.

The simple solutionof usinga separatele for eachof the ve tablesof SPINEwasnot foundto
be viable due to following reason: The interface for storing and retrieving recordsfrom les usesa
structurecalledserial t [22] asa key on the le. An integer key basedstorageandretrieval interface
is not provided. However, all the recordsin the LT or RT[14] tablesneedto be accessedby simple
array-indeing styletechnique Thususing les of recordswould requirea mappingbetweertheinteger
indicesandserial t structure.Suchamappingcanbeprovidedby usingtheB * treestructure Theindex
would storethe serial t structureasthe dataand usethe integer index asthe key. However, now the
accesdo arecordrequiresaccessindpoththeindex and le of records.To avoid this doubleaccessye
choseto storetherecorditselfin theB * treeasdataandusetheinteger index asthekey.

Storingrecordsin B* tree hasthe disadwantageof reducingfan-outof the treeandincreasingse-
quentialscanoverheads$ut the advantageof avoidingaccesso a le aswell asB* treescoresoverthe
disadantages.

Thusourimplementatiorof SPINEuses veB* treesfor storingeachof the ve tablesexplainedin
Chapterd. Thisimplementatiorhasthe adwvantagethatafter creationof the index, accesgo recordscan

bedonein logarithmictime while the earlierimplementationin [21] hadalineartime access.

5.1.3 Multiple SPINE indexeson the samevolume

BODHI hostsa large numberof speciesand their sequences(One speciemay have more than one
sequencstoredfor it, e.g.,all thechromosomesf thatspecie).lt shouldbe possibleto createa SPINE
index on eachof the sequencesnthe samevolumeandaccesst backfor querying.

To supportthis feature,our implementatiorusesa masterB * treeindex (Note thatthis is not the
sameasrootindex discussedh Chapter3). ThemasterB * treeindex usestheLogical ObjectIDenti er
(LOID) of the sequenceasa key. The LOID which is assignedo eachdataitem is guaranteedo be
unigueby SSM.Also, all the storagestructuresnanagedy SSM(e.g.recordsjndexes, les, etc.) have
associatedvith thema serialt structureguaranteedo be unique. The dataindexed by the masterB *
treeindex is a recordcontainingthe serial t ids of the ve B* trees(onefor LT andfour for RTs) of
the SPINEindex. Thuswe canlocatethe LT andRT[1-4] tablesfor ary of the speciesandary of its
sequencesn thevolumeaftertheindex hasbeenbuilt. Figure5.1 shavsthe designof storagestructure.

Pleasenotethatthe accesso masterB * treeindex is madeonly once(persequencevhile creating
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Figure5.1: StorageStructure Organization for SPINE

theindex or while usingtheindex for querying.

5.1.4 Handling multiple transactionssimultaneously

Usingthe VAS interfacewe have implementedSPINEasa multithreadedsener. Thusmultiple clients
canconnecto it simultaneouslyAs discusseih Chaptei3 the ACID propertiesof transactionsiretaken
careby the SSM.

We haveimplementectlientinterfacefor SPINEin two versions;(a)acommandine driveninterface
(b) a library interface. The commandline driven interface canbe usedby usersto accesghe SPINE
senerindependenof BODHI while thelibrary interfacehasbeenbuilt for integratingthe SPINEVAS

with othersoftwareslike BODHI. Thesener itself alsosupportdhe commandine driveninterface.

5.1.5 Recordsizeoptimizations

The implementationof SPINE as explainedin [21] usesvariousoptimizationsto reducethe sizesof
records.However in a C/C++programtheseoptimizationscannot hold dueto thealignmentrestrictions
that the compilerimposeson the sizesof structures. Thusa recordwhich holdstotal 6 bytesof data
elementgouldbestoredasa8 byterecordby thecompiler Neelapalat.al.treatedheC structures
asarrays of characters andstoredthe exactnumberof byteson disk, in theirimplementation.
Thuseventheaccesso ary of theelementsnsidetheLT or RT tablerecordswasdoneby manipulating
arraysof characters.

This couldnotbedonewith SSMbecausé¢heinterfaceprovidedby it acceptsa structurefor storage

and not an array of characters.Thusthe tricks employed in [21] could not be usedarymore. Thus,
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the optimizationssuggestedh [21] for the sizesof therecordscould not beimplementedvith SHORE.
This resultedin the sizesof recordswith our implementatiorto be biggerthanthe implementatiorof

Neelapalaet.al.

5.1.6 Workar oundsfor log sizelimitations

SSMIlogsboththe old andnew valuesof datafor all theupdates(se€hapter3). This makeslog records
of sizetwice the datamodi ed. Thusthelog requirementbecomevery hugeif we aretrying to create
SPINEindex for very big sequencessizein millions). However even with the maximumpossiblelog
sizeallowed by SSM,we could createindex for sequencesf lengthupto800,0000nly. To improve on
this we tried turning off thelogging for the records.However the page-leel logswerestill big enough
to allow usbuild indexesuptolength5 million only.

To handlethis problemwe have implementeda workaroundwhich makesusethe chainedtransac-
tionsfacility providedby SSM.We committhetransactioraftereachb million characterbiave beenseen
for building index andrestartthe transaction.Sincecommittingandstartinga new transactiorrequires
acquiringall thelocks againwe usea chainedtiransactiorinstead.The effect of committingtransaction
is to make SSMreusethe log spaceusedso far andsigni cant amountof log spaceis regained.In our

experimentswe obsenedthatthelineartime compleity of building SPINEwasnotaffecteddueto this.

5.2 Integration with BODHI

ThoughSPINEis implementedasanindependentlient-serer module for auserof BODHI the SPINE
VAS shouldappearasanintegral partof BODHI. As describedkarlier we have implementedhe client-
sideinterfaceof SPINEVAS asal library also. Using this RPC client interface,we have changedhe

existingimplementatiorof BLAST algorithmin BODHI asexplainedaheadn details.

5.2.1 Query ow in BODHI

Figure5.2shavs query o w in BODHI. The ODL andOQL queriesarecompiledby the corresponding
compilersinto equivalent C++ code. This C++ codeis thencompiledinto an executableby the C++
compiler The executables alsolinkedwith the RPC(RemoteProcedureCall) librariesof the SHORE
sener, the GeneStord/AS, the path-dictionaryindex sener (notshavn in gure) andthe SPINEVAS.

Whentheexecutablds run, the desiredquerygetsexecuted.
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Figure5.2: Query Flow in BODHI with SPINE

5.2.2 Functional Enhancementgo the Object Model

Figure5.3shavs the objectmodelof the plantbio-diversitydatabaseurrentlybeingusedwith BODHI.
The DNA entity representa DNA entryfor eachspecies.

The currentimplementatiorof the GeneStoré/AS usesfunctionsde ned for eachDNA objectfor
its operation.Thusa BLAST queryon a DNA sequencés actuallyexecutedasa function of that DNA
object.

Onlinessimilarto the GeneStor&/AS, we have addedwo morefunctionsto the DNA entity onthe
objectmodel. First: createlndg, for creatingthe SPINEindex and Second: ndMatches a function
which nds all maximalsubsequencmatchesof thethe DNA sequencevith anothersequencgassed
asanamgument.

We explain the implementatiorof thesetwo functionsin more detailsahead. Pleasenotethatthe
DNA entity would remainthe samefor ary other objectmodel of BODHI, henceour integration of

SPINEwith BODHI will work for all objectmodelsdealingwith DNASs.
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Figure5.3: Object model of plant bio-diversity database

5.2.3 Index Creation

The createlnda& function builds SPINEindex on that DNA's sequencelJsing the SPINEclient library
(explainedin Chapters.1)it createsa SPINEclient. The SPINEclient makesa RPCcall to themethod
for creatingindex on the SPINE sener, passingthe DNA sequencandits LOID asarguments. The
SPINEVAS thenbuilds theindex andan entryis madeinto the MasterB * treeindex usingthe DNA's
LOID asthekey.

5.2.4 Querying the Index

As explainedin Chapterd, sufx treesareusedfor sequencesimilarity queries.Thedifferencebetween
theseed-basedndindex-basedapproachetowardssequencasimilarity queryprocessingdies mainly in
the rst stage,wheretwo given sequenceare matchedagainsteachotherfor nding seedsequences
After this rst stagethe secondstageof extendingthe seedsequencess the samefor bothapproaches.

To integrateSPINEwith sequencsimilarity algorithmof BLAST in BODHI, we have modi ed the
existing implementatiorof BLAST to usethe SPINEindex duringthe rst stageof sequencsimilarity
guerycomputation.

The new implementatiorof BLAST callsthe ndMatchesfunctionduringits rst stage.This func-
tion takesthe querystringasanargument.It createsa SPINEclient objectwhichin turn makesa RPC

call to the SPINE sener with the DNA's LOID andthe querystringasamguments. The SPINE sener
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checksrst if the SPINEindex alreadyexistsfor thatparticularDNA (usingthe LOID key). If theindex
existsthenit is usedfor nding all themaximalsubsequencaatcheof aparticularlengthof more. All
thematchegoundarereturnedhroughthe SPINEclientto theBLAST function. If the SPINEindex for
the DNA doesnotexist thenanerroris returnedandthe BLAST functionrunsthe seed-basedst stage.

RPCimplementationgmposecertainsystenspeci c limits onthesizesof datathatcanbetransferred
(aroundafew thousandytes).Henceourintegrationof SPINEwith BLAST hasthelimitation to handle
sequencesf only afew thousandsf length.

It shouldbe notedthatthe SPINEVAS doesnot needto contactthe GeneStore/AS oncegiventhe

guery Thisis becaus&PINEdoesnot requirethe original sequencéor querying.

5.3 Performance Study

The platform usedfor our experimentswas a Pentium-I1V 2:4 GHz, 1 GB memory machinerunning

Redhatinux.

5.3.1 Index construction

Figure5.4shavstheindex constructiortime for ourimplementatiorof SPINEusingSHORE.It canbe
seerthattheconstructiortimeis almostinearin sizeof sequenceThisis expectedsincetheconstruction
algorithmis linearin time complity. Theconstructiortime in absolutenumberds high, but sinceindex

creationcostis occurredonly once,it is notmuchaconcern.
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5.3.2 Index size

We obsenredthesizeoccupiedoy index on the volumeto be very high at around85 bytesper character
indexed. Thereasonghatwe cansitefor this are: (a) The sizesof recordsin LT andRT[1-4] tablesare
biggerthan 12 bytessincewe cannot manipulatethemasarraysof charactergb) SSM addsits own
headergo recordsjncreasingheir sizesfurther (c) Theoccupang of B* treesis not guaranteedo be

100%andmaybeaslow as50%also. The non-occupiedpacean eachpageof B * treeis anoverhead.

5.3.3 Subsequencenatch queries

We have comparedhe performanceof our implementatiorof SPINEusingSSMwith (a) BLAST im-
plementatiorin BODHI and(b) BLAST implementatiordoneby NCBI [20] whichis atool commonly
usedby biologists.

Comparisonwith BLAST in BODHI
Figure5.5 shaws the performancef sequencasimilarity queriesin BODHI usingoriginal BLAST im-
plementatiorin BODHI andusingmodi ed BLAST implementatior(usingSPINE).

Thedatausedconsistedf 100speciesvith onesequenc@erspecie.The sequencewereobtained
by takingrandomsubstringgrom thesequenceg=CO], [VIB], [CLS], [CEL] asexplainedsubsequently
Thequerysequencessedwerealsoobtainedsimilarly andwereof samelengthaseachdatasequence.
Thememoryallocatedo SPINEVAS andGenestord/AS was30MB each.

Figure 5.5 shaws the resultsof the comparison.lt is a stackgraphandupperlayerin eachstack
shavstheextratimetakenby original BLAST implementationlt canbe clearlyseenthatuseof SPINE
index hasimprovedthe performanceThe performancemprovementvariesfrom half to almostoneor-
derof magnitude Also, with increasingsequencéengthand/ordecreasingeedengthwe getmoreand
moregainsby usingindex. We couldnotobtainqueryperformancdor biggersequencedueto theRPC

limitationsmentionecdkarlier

Comparisonwith NCBI BLAST:
NCBI [20] BLAST is asequencsimilarity querytool commonlyusedby biologists.Thetool runstotally
in memory We have donea comparatie studyof subsequencmatchqueryperformancef SPINEand

NCBI-BLAST. Thesequenceasedwere

ECO: E.Coli earthvorm genomeof length3.5million characters;
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Figure5.5: Sequencesimilarity query performancein BODHI

VIB : Vibrio bacterialgenomeof length 1.0 million

CLS: Clostridium-tetanbacterialgenomeof length2.7 million
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CEL: 4.0million lengthpre x of C.Elegansbacterialgenomeof length15.5million characters;

The experimentsvereconductedisingthe following methods:
BLAST-11: NCBI-BLAST with seedengthof 11
BLAST-10: NCBI-BLAST with seedengthof 10

MEM-SPINE : Neelapaleaet.al's implementatiorof SPINEin memory

SHORE-SPINE: Ourimplementatiorof SPINEusingSHOREwith 30 MB memoryand300MB

memory Thesizeof 300MB waschoserto ensurehatary of theindexes ts in memory

Figure5.6showvstheresultsof ourexperiments.Thetimingsreportedor MEM-SPINEandSHORE-

SPINE are only for subsequenceatchinganddo not include the time for extendingmatchedsubse-

guencedfor nding alignment). This is becausda) MEM-SPINE's implementationfrom Neelapala

et.al. doesnot have the codefor doing extensionand (b) SHORE-SPINES performancevasstudiedus-

ing the command-lingnterfacesincethe client-interaceintegratedwith BODHI suffersfrom sequence

lengthlimitationsdiscussecearlier
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We obsere thatBLAST with seedengthof 11, whichis the heuristicvalue,performsmuchbetter
comparedo SHORE-SPINEThoughMEM-SPINE appeargo performbetterthanBLAST, it actually
is performingasgoodasBLAST-11 consideringhetime BLAST-11 takesfor extendingmatches.

BLAST is a heuristichasedalgorithmandperformsbestfor seedength11, however while doingso
it may missout somematchef smallerlengthwhich whenextendedmayresultin goodalignments A
solutionto thisis to run BLAST with smallervalueof seedsequencéength,e.g.10. However Figure5.6
shawvsthat,BLAST-10 performsmuchworsethanBLAST-11, worsethanSHORE-SPINEvith 300MB
memoryand almostsameas SHORE-SPINEwith 30 MB memory We have obsenred that BLAST
performsevenworsewhenthe seedengthsaredecreaseturther OnthecontraryeitherMEM-SPINE's
or SHORE-SPINEs performancealoesnot dependon the seedength. The seedengthonly determines
which matchesarereturned. Thus SPINE offers accurateresultswhile performingasgoodasBLAST,
whenseedengthsaresmall.

It may appearstrangethat SHORE-SPINEwith 300 MB of memoryperformsmuch slowver than
MEM-SPINE, when300 MB is enoughfor ary of theindexesto t in memory We attribute this to
morememoryaccessemadeby SHORE-SPINEueto thefollowing reasons(a) The sizeof anindex
with SHORE-SPINEis almostone order of magnitudemore than with MEM-SPINE. MEM-SPINE
requiresl2 bytesper charactemwhile SHORE-SPINEequiresaround85 bytes. Thuswe accessnore
memorywith SHORE-SPINE(b) Accesgo arecordwith MEM-SPINEis directly madeby usingarray

indexing, whereaswith SHORE-SPINEeachrecordaccessequirestraversinginternalnodesof aB *
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tree.(c) Thepagetablesmaintainedy storagemanageof SHOREareaccessettequentlyandwith 300
MB memory pagetablesizeis alsobig enough.(d) Cachemissesvould be morewith 300MB memory
thanwith 30 MB memory (e) The programsizeis muchbiggerimplying morerunningtimesalso. We
have veri ed thesereasondy doing pro ling of our programusingthe gprof tool availablein Linux.
Thusthe performanceof SPINEis foundto be affecteddueto the ervironment(SHORE)in whichiit is

implemented.



Chapter 6

Implementation of Graphical User

Interface Framework

BODHI supportsfull OQL/ODL [6] queryinginterfaceon the sener side[3, 4]. However for the bio-
diversity researchersyho are the end usersof the BODHI system,learninga queryinglanguages a
cumbersoméask. Typically they do not have ary experienceof usingsuchlanguagesndarereluctant
to learnit. Thus,in orderto bereally usefulto its endusers BODHI requiresa graphicaluserinterface
for expressinghequeries.

BODHI currentlyhostsa plantbio-diversity databasethe schemaof which hasbeenshavn in Fig-
ure5.3. Ouraimwasto build a userinterfaceto allow queryingthis particularschemacomprehensely.

We enlistbelow the propertiesandfunctionality desiredfrom the userinterface.

1. Intuiti ve and simple: The userinterfaceshouldbe intuitively clearto theenduser The layout
andthe elds providedfor queryingshouldbe simpleenoughto be understoody just looking at
them. The semanticassociateavith eachqueryingfacility shouldbe intuitively clearfrom their

appearance.

2. Automated and correct: The queriesexpressedy usersshouldbe automaticallyand correctly
convertedinto OQL. The OQL queriesshouldberun onthesener, andtheresultsreturnedo the

userin atransparenmanner

3. Compact: A screenfulof information[23] is whatthe humaneye cangraspeasily By anintel-

ligent placemenbf query elds andconsciousattemptat reducingthe numberof querying elds,
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theinterfaceshouldbekeptcompact.Also, oneshouldbe ableto expressmulti-domainaswell as

uni-domainqueriesusingthe samenterface.

4. Utility: While beingcompactthe interface shouldalsoallow the userto form asmary queries
aspossiblewith aslesseffort aspossible.The OQL allows usersto form ary numberof queries,
giventhe databasechema.The queryinterfaceshouldaim at going as closeas possibleto this

idealsituation.

5. Accessibility: Accessibility over the internetis a highly desiredfeature. This allows the re-
searchersll over the world to useand extract information from the database.Also it makes
the userinterface systemplatform independentas mostof the popularbrowvsersrun on mostof

the platforms.

6. Customizableoutput : Theoutputof userqueriesshouldbe presentedh a customizablenanner

Theusersshouldbeableto applytheir own formattingandview theresultsthe way they want.

7. Data exchange: The output shouldalso be in a format that can satisfy future dataexchange

requirementshatmayarise.

8. Convenient spatial querying: Expressinghe spatialqueriesis a pain for the usersif they are
requiredto enterthelatitude-longitudgparameterdy hand.To simplify thiskind of querying,the
gueryinginterfaceshouldprovide graphicawaysof specifyingthe spatialcomponent®f queries.

Facilitieslike zooming,panningandrubberbandselectionwould facilitatethetaskgreatly

9. Easynavigation: It shouldbe possibleto navigateeasilythroughouthe queryinterface.Quicker

waysof reachingthe desiredpartof theinterfaceshouldbe provided.

10. Help: Apart from beingintuitive andsimple,an online help facility would greatly enhancehe

understandabilityf theinterfacefor theendusers.

We have implementeda graphicaluserinterfacefor BODHI which satis esall of theabove require-
mentsto alarge extent. We now explainthearchitecturef the userinterfaceframework,thetechnologies
involvedin theimplementationthe capabilitiesof theinterfaceand provide few snapshotsf theinter

face.
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Figure6.1: Graphical User Interface Framework Ar chitecture

6.1 Architecture of the Graphical User Interface Framework

Figure 6.1 shavs the architectureof the GraphicalUserInterface Frameavork of BODHI. It is a typical
4-tier architecturewhich consistof a baclend databasesystem(BODHI), a webserer servingHTML

webpagesgapache)CGl-scriptsfor the applicationlogic (perl) andthewebbrowserat theuserend.

6.2 TechnologyChoices
We chosethefollowing technologiedor implementingthe userinterfaceof BODHI:

HTML form for query input: Therequiremenbf having BODHI accessiblever the internet
translatesnto having web basedgraphicaluserinterface. We have implementedhe queryinput

interfaceasanHTML form asshowvn in Figure6.2.

Javascript for query corversionto OQL: Javascriptis themostpopularlanguagdor clientside
programmingwith webpagesilt is anobject-basegrogrammindanguagewith C like syntaxand
supportedy mostof thebrowvsers.All thepopularwebbrowserslike InternetExplorer Netscape,

Operasupportit.

Java Applet for spatial querying: We have usedthe GlS4appletavailablefrom [12] for spatial

dataviewing andquerying.Theoriginal applettakenfrom [12] allowedonly for viewing of spatial
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data. We have modi ed the appletcodeto alsoallow rubberbandselectionof queries,asshavn

in Figure6.3.

Java-Javascript interaction: Interactionbetweenlava andJavascriptis requiredfor exchangeof
the spatialqueryinformation. The Java appletdoesthejob of rubberbandselectionof queryand
passe®n the informationto Javascriptcodefor corvertingit into OQL. To performthis we used

the LiveConnectlava packageavailablefrom Netscapgl5].

CGl-Perl scripts for sewer sideprocessing:CGl (CommonGatavay Interface)is a standardor
external gatevay programgo interfacewith informationsenerssuchasHTTP seners. Perlhas
becamea popularlanguageor doing CGI programmingdueto thelarge setof librariesavailable
with it. The queriesfrom the userinterfaceare processedy the CGl-perl scriptson the sener
side. They do the job of submittingthe queriesto the translatorandreturningthe resultsfrom

BODHI systembackto users.

XML for output: XML [8] hasbecomethe de-facto standardfor dataexchangeover the weh
Henceit is highly desirablefor the resultsto be presentedusing XML. This allows the users
to apply their own formattingto the results(using XSL stylesheetsjor viewing, thusallowing
customizationof result-vieving. Use of XML in publishingresultsalso makes provisions for

future dataexchangesf required.

6.3 Capabilities of the Query Interface

Figure6.2 shavs thequeryinput form. The currentimplementatiorof the queryinginterfaceis capable
of specifyingmulti-domainaswell asuni-domainqueriesnvolving uptofour species.

In particularfor eachof thethreedomainsyiz. taxonomy spatialandsequencet hasthefollowing
capabilities:
6.3.1 Taxonomy:

Theleft half of the form allows usto querythetaxonomyandphenotypgconcerninghe characteristics

of species)jnformation. Onecanspecify:
Equality predicate®n speciesiame generafamily andorder

Displaypredicateon all theattributes.
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Figure6.2: Query Input Form (Markings highlight the samplequery in Chapter 1)

Equality predicate®n eachof the characteristicef thespecies.

Joinpredicate®n eachof the characteristicsMultiple join predicateganalsobespeci edonthe

samecharacteristic.

6.3.2 Sequence:

Theupperright partof theform allows usto querythe sequencéinformation. It canspecify:
Displaypredicateon thesequence.
Blastquerywith specievs. specieor specievs. sequencgoin predicate.

Predicategor blastquerylik e cutof score, numberof outputs

6.3.3 Spatial:
Thelowerright partof theform allows usto querythe spatialinformation. It canspecify:

Equality predicate®n the namef spatialattributes,viz. forests georegionsandrivers. Only the

forestpartcanbe seenin Figure6.2.
Displaypredicate®n all the spatialattributes.

Joinpredicatedik e overlaps,intersects contains ,equalsacrosghe spatialattributesof species.
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Figure6.4: Help Tags

The spatialapplet(GIS4[12]) allows zooming,panning,switchingon-off theinformationlayers
for bettervisualizationof the querymap.Onecanspecifyarubberbandrectangle-selectioquery

usingthis applet.

6.4 Snapshotsof the Interface

We alreadyhave discussedhe queryinputform shavn in Figure6.2. It canbe seenthatit is ascompact
asoneandhalf screenslt alsoshavs how onecanspecifythe samplequeryspeci edin Chapterl using
thequeryform.

A comparisorof Figure5.3andFigure6.2 shavsthatthequeryinterfacecomprehenskly coversthe
objectmodelfor the plantdatabaseurrentlybeinghostedwith BODHI. Figure6.3 shavs speci cation
of aregion by usingrubberbandselectionon the map seenon applet. The help tags associatedvith
eachqueryinput eld appearasshowvn in Figure 6.4. Figure 6.5 shavs the zoomingoperationbeing
performedusingthe GIS applet.

Theresultsreturnedirom sener arein XML which canbeseenin Figure6.6. Finally theresultsare
displayedn HTML asshavnin Figure6.7. We have useda XSL [9] stylesheeto specifythecornversion
from the XML resultsto HTML. The hyperlinkshavn in Figure6.7, whenclicked, displaysthe spatial
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Figure6.5: Zooming: (a) Operation (b) Result

Figure6.6: Resultsare in XML(Display ed in Notepadas the source of result) (Using View-Source
menuin browser)
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Figure6.7: XML Resultsshovn asHTML

resultsusingthe GIS4applet(notshovn in Figure).



Chapter 7

Conclusionsand Futur e Work

BODHI now comesequippedwith the SPINE genomicindex, which hashelpedimprove the perfor
manceof sequenceaimilarity queries. The improvementsaremorefor smallerseedlengthsandlarger
sequences.

The web basedquery interface has simpli ed the task of specifying queriesover the plant bio-
diversity databaseo a greatextent andthe systemis usefulin a corvenientfashionto the plant bio-
diversity researchersWe have demonstratedhe userinterfaceto researcheat Centerfor Ecological
Sciencest IndianInstituteof Scienceandthey have opinedtheinterfaceto be useful.

Futurework canconcentraten de ning costmodelfor SPINE andintegratingit with queryopti-
mizer. Also, efforts canbe directedtowardsusingthe SPINEindex to supportvarioussequencepera-

tionslike nding all occurrencesf a string, maximalmatchingsubstringsetc. independently
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