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Abstract

Modernbio-diversity researchinvolvessystematicandsimultaneousstudyof macro-andmicro-level

relationshipbetweenvariousbiological entities. BODHI1 [3, 4] is a native object orienteddatabase

systemwhich seamlesslyintegratesthe taxonomy, spatialandsequencetypesof dataoccurringin bio-

diversitystudies.

BODHI implementsthe heuristicsbasedBLASTalgorithm to handlesequencesimilarity queries.

Performanceevaluationof BODHI indicatedthat theseBLAST operationsare far costlier than other

operatorssupportedin BODHI, indicatingneedfor ef�cient sequenceindex structures.Popularsequence

alignmentpackageslikeMummerusesuf�x trie indexing techniquesto getaccuratesequencealignments

ef�ciently , withoutusingBLAST likeheuristics.SPINEis arecentlyproposed,horizontallycompressed

suf�x trie index which wasreportedto performbetterthanMummer. The�rst partof thisprojectwasto

integratetheSPINEindexing techniquewith BLAST implementationin BODHI to speedup sequence

similarity queries.

BODHI fully supportsOQL/ODL queryinginterfaceon theserver side. However for bio-diversity

researchersthe systemis moreconvenientif BODHI comeswith a userfriendly interfacethat allows

them to specify querieswithout having to know OQL. The interface shouldtake careof converting

theuserspeci�ed queriesinto OQL, run the OQL queryon server anddisplaytheanswersto usersin

an elegantmanner. The secondpart of this projectaimedat building a graphicalquery interfacefor

plantbio-diversitydatabasecurrentlybeinghostedwith BODHI. We havedevelopeda web-basedquery

interfacewhich achievesthisaim.

1BODHI is thetreeunderwhichBudhhagainedenlightenment
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Chapter 1

Intr oduction

Modernbio-diversity researchinvolvessystematicandsimultaneousstudyof macro-andmicro-level

relationshipsbetweenvariousbiological entities. Multi-domain queriesof the following kind are in-

creasinglycommonamongtheresearchersin this �eld:

Retrievethenamesof all plant speciesthat havecommonin�or escencelocationcharacter-

istics,sharea part of their habitats,andhavea highchromosomalDNA sequencesimilarity

with Actinodaphne-bourneae.

Answeringthis queryrequirestheability to processdataacross:(a) taxonomyhierarchies(common

in�or escencelocation), (b) recordedspatialdistribution of species(commonhabitat), and(c) genomic

sequences(chromosomalDNA sequencesimilarity). Unfortunately, dueto the lack of holistic database

systems,biologistsare often forced to split the query into componentqueries,eachof which can be

processedseparatelyoverspecializedindependenttoolsandservices.Further, theindividual resultshave

to becombinedeithermanuallyor throughtheuseof a customizedtool.

Motivatedby this lacunaof an informationmanagementsystemthat cansupportcomplex queries

commonto bio-diversity research,BODHI (Biodiversity Object DatabasearcHItecture)[3, 4], a na-

tive object-orienteddatabasesystemthatseamlesslyintegratesmultiple typesof dataoccurringin bio-

diversitystudies,hasbeendevelopedin IndianInstituteof Scienceover lastfew years.BODHI expresses

thesamplemulti-domainquerypresentedabove usingan OQL(ObjectQueryLanguage)[6] syntaxas

shown in Figure1.1.

To thebestof ourknowledge,BODHI is the�rst systemto providesuchanintegratedview of diverse

biologicaldomainsrangingfrom molecularto organism-level information.

1



CHAPTER1. INTRODUCTION 2

SELECT species2.name FROM
species1 IN PlantSpecies, species2 IN PlantSpecies,
dna1 IN species1.DNAEntries, dna2 IN species2.DNAEntries

WHERE
species1.name = ”Actinodaphne-bourneae” AND
species1.�o werchar.in�ochar = species2.�o werchar.in�ochar AND
species1.georegion OVERLAPS species2.georegion AND
dna1 BLAST dna2 WITHIN 70;

Figure1.1: Expressinga Multi-domain Query in BODHI

1.1 Part I: The SPINE GenomicIndex

BODHI achieveshigh performanceby employing a varietyof specializedaccessstructuresreportedin

the researchliteraturefor handlingpredicatesover taxonomyhierarchiesand spatialdata. However

performanceevaluationof BODHI [4] indicatedthatsequencesimilarity operationsarefar costlierthan

otheroperatorssupportedin BODHI, indicatingneedfor ef�cient sequenceindex structures.

Suf�x trees[10] (i.e.suf�x trie indexes) arepopularchoicefor indexing sequencesin the database

community. Widely usedsequencealignmentpackageslike Mummerusesuf�x tree techniqueto get

accuratealignmentsef�ciently . RecentlyNeelapalaet.al.[21] suggesteda novel horizontallycompacted

suf�x trie index structurewhich wasfoundto consumemuchlesserspaceascomparedto thetraditional

suf�x treesandmoreamenablefor a disk-basedversion. It wasalsofound to performbetteron disk

whencomparedto theMummer[7] packagepopularlyusedfor sequencesimilarity queries.

As the �rst part of this project we have integratedthe SPINE [21] index structurewith BLAST

implementationin BODHI andstudiedthe performanceof the modi�ed algorithm asopposedto the

originalBLAST implementation.

1.2 Part II: Graphical User Interface Framework

TheBODHI databaseserver supportsfull ODL (ObjectDe�nition Language)[6] interfacefor schema

de�nition andOQL interfacefor queryingthedatabase.However for BODHI to beusefulin aconvenient

mannerto thebio-diversity researchers,it shouldprovide a userfriendly graphicalqueryinterface.The

bio-diversity researchersshouldbe able to expresstheir queriesusing this interfaceandthe interface

shouldtake careof convertingthe input informationto OQL queriesautomatically. This userinterface

is requiredto be intuitive, easilylearnableandshouldprovide themaximumfunctionality possible.It

shouldalsobepossibleto querythedatabasefrom anywherein theworld.
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To provide theabove mentionedfunctionalitywe have implementeda web-basedgraphicaluserin-

terfacefor queryingthedatabaseaswell asfor visualizationof results.Easydisseminationof information

is supportedthroughtheuseof XML in publishingtheresultsof queries,providing addedsemanticsfor

futuredataexchangerequirements.

1.3 Organizationof the Report

Chapter2 describesthearchitectureof BODHI in brief. Chapter3 describestheSHOREstorageman-

agerwhichhasbeenusedasabackendfor implementingtheSPINEindex. In Chapter4 wedescribethe

structureof SPINEindex in brief andthe relevant implementationdetailsfrom thework of Neelapala

et.al.Chapter5 describesourwork of re-implementationandintegrationof theSPINEindex structurein

BODHI. Theissuesinvolvedin thedesignof theuserinterface,thetechnologychoices,andimplementa-

tion asawebbasedinterfaceareexplainedin Chapter6. Finally Chapter7 summarizestheachievements

of thisprojectandthefuturework.



Chapter 2

Ar chitectureof BODHI

Thearchitectureof BODHI is shown in Figure2.1.TheSHORE[5] storagemanager, availablefrom Uni-

versityof Wisconsin,at thebaseprovidesthefundamentalneedsof a databaseserver suchasdeviceand

storagemanagement,transactionprocessing,loggingandrecovery management.The applicationspe-

ci�c modules,which supplytheobject,spatialandgenomicservices,arebuilt over thisstoragemanager

andform the functionalcoreof thesystem.The � -DB [11] extensiblerule-basedqueryprocessorand

optimizerinterfaceswith thesefunctionalmodulesandperformsqueryprocessingandproducesef�cient

executionplansusingthemetadataexportedby themodules.BODHI supportsfull OQL/ODL queryand

datamodelinginterfacefor creationof new databaseschemas,datamanipulationandquerying.

Finally, the userinterfaceandXML publishingengineform theexternal interfaceto BODHI. The

secondpartof this projectwasto implementthispart.

The BODHI server is partitionedinto threeservicemodules:Object, Spatial, andSequence, each

handlingthe associateddatadomain. The servicemodulesprovide appropriatestorage,a modeling

interface,andevaluationalgorithmsfor predicatesover thecorrespondingdatatypes.

2.1 Object Services

In queryingover bio-diversitydata,it is commonto specifypredicatesover long relationshippaths,or

overaninheritancehierarchyrootedat achosenbasetype.To ef�ciently handlethesepredicates,access

methodsfor both inheritance(multi-key type Index [18]) andaggregationhierarchies(path-dictionary

index [17]) areincludedin this module.

4
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Figure2.1: Architecture of BODHI
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2.2 Spatial Services

This moduleprovidesa spatialtypesystemfor modelingof spatialdataassociatedwith biological in-

formation.Variousgeometricoperatorssuchasoverlap,adjacent,area, etc.,areimplementedover this

typesystem.ThemoduleincorporatesR*-Tree[2] andHilbert R-Tree[16] indexing to speedup these

otherwiseexpensive operators.

2.3 SequenceServices

This moduleprovides ef�cient storageand operationsover genomesequencedataof species. It im-

plementsthe de-factostandardalignment-basedsequencesimilarity algorithmof BLAST [1] A Value

AddedServer (explainedin Chapter3), GeneStore,handlesthequeryingof sequencedatafor this algo-

rithm. We have implementedtheSPINEindex in this module.

Figure2.1 indicatesthe positionsof the SPINEanduserinterfacemodulesin the overall BODHI

architecture.Figure2.2 shows the implementationdetailsof BODHI andthe interactionsbetweenthe

variousfunctionalmodulesof the system.For moredetailson 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(ScalableHeterogeneousObjectREpository)[5] is apersistentobjectsystemthatrepresents

amergerof object-orienteddatabase(OODB)and�le systemtechnologies.In thisChapter, wedescribe

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

TheSHOREsystemhasalsobeenusedfor theimplementationof SPINEgenomicindex.

3.1 Ar chitectureof SHORE

SHOREexecutesasa groupof communicatingprocessescalledSHOREservers. SHOREserverscon-

stituteexclusively of trustedcode,including thosepartsof the systemthat areprovided aspart of the

standardSHORErelease,aswell as codefor ValueAddedServers (VASs) that can be addedby so-

phisticatedusersto implementspecializedfacilities (e.g.,a queryshippingSQL server). Application

processesmanipulateobjects, while serversdealprimarily with �x ed-lengthpagesallocatedfrom disk

volumes, eachof which is managedby a singleserver.

TheSHOREserverplaysseveralroles.First, it is thepage-cachemanager. Second,theserveractsas

anagentfor local applicationprocesses.Whenanapplicationneedsanobject,it sendsanRPCrequest

to thelocal server, which fetchesthenecessarypagesandreturnstheobject.Finally, theSHOREserver

is responsiblefor concurrency controlandrecovery. A server obtainsandcacheslockson behalfof its

localclients.Theownerof eachpageis responsiblefor arbitratinglock requestsfor its objectsaswell as

loggingandcommittingchangesto thepage.

7



CHAPTER3. THE SHORESTORAGEMANAGER 8

3.1.1 SHORE Software Components

Themainsoftwarecomponentsof SHORE(Figure3.1)constitutetheSHOREserver andtheLanguage

IndependentLibrary.

SERVER

SHORE VAS Interface

Storage Manager

Page Cache

Language
Object CacheIndependent

Library

RPC Interface

Application Code

CLIENT

Figure3.1: Application - Server Interface

3.1.2 The LanguageIndependentLibrary

The LanguageIndependentLibrary containsthe object-cachemanagerwhich takescareof converting

objectreferencesondisk to mainmemoryaddresses.

3.1.3 The SHORE server

TheSHOREserver (Figure3.2) is divided into two maincomponents:a ServerInterface, which com-

municateswith applications,andtheStorage Manager (SM), which managesthepersistentobjectstore.

TheServer Interfaceis responsiblefor providing accessto SHOREobjectsstoredusingtheSM.

3.1.4 ValueAdded Server

The SHOREserver codeis modularlyconstructedso that userscanbuild application-speci�cservers,

thussupportingthenotion of “value-added”servers(VAS). The Server Interfaceis an exampleof one
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Transaction Object Index

VAS-SM Interface

Object Access Control NFS VAS

SHORE VAS

SM Core

Transaction Manager

Recovery Manager 

Page Cache

Lock Table

Operating System

Interface

Threads

Asynchronous
IO

Figure3.2: SHORE SystemArchitecture

suchVAS. Anotherexamplefor VAS is theNFS�le server which is usedto mounttheentiresubtreeof

theSHOREnamespaceon anexisting Unix �le system.Whenapplicationsattemptto access�les in

this portionof thenamespace,theUnix kernelgeneratesNFSprotocolrequeststhatarehandledby the

SHORENFSvalueaddedserver.

EachVAS providesanalternative interfaceto thestoragemanager. They all interactwith thestorage

managerthrougha commoninterfacethat is similar to theRPCinterfacebetweenapplicationsandthe

server. It is thuspossibleto write a new VAS asa client processandthenmigrateit into theserver for

addedef�ciency. Below theserver interfacelies theStorageManager(SM). TheSM canbeviewedas

having threesub-layers.Thehighestis theVAS-SM interface,which consistsprimarily of functionsto

control transactionsandto accessobjectsandindexes. Themiddle level comprisesthecoreof theSM.

It implementsrecords,indexes,transactions,concurrency controlandrecovery. At the lowestlevel are

extensionsfor distributedserver capabilities.In additionto theselayers,theSM containsanoperating

systeminterfacethatpackagestogethermultithreading,asynchronousI/O andinter-processcommunica-

tion.

3.2 The VAS-SM Programming Interface

TheSHOREStorageManager(SSM)is a packageof librariesfor building objectrepositoryserversand

theirclients.Theselibrariesareusefulfor managingpersistentstorageandcachingof un-typeddataand

indexes.They alsoprovidediskandbuffer management,transactions,concurrency controlandrecovery.

A VAS relieson the SSM for the above capabilitiesandextendsit to provide more functionality. In
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the following Sectionswe describesomeof the facilities that can be accessedthroughthe VAS-SM

programminginterface.

3.3 VAS API : StorageFacilities

TheSSM providesa hierarchyof storagestructures.A descriptionof eachtypeof storagestructureis

givenbelow.

3.3.1 Devices

A device is a location,provided by the operatingsystem,for storing data. A device is either a disk

partition or an operatingsystem�le. A device is identi�ed by the nameusedto accessit throughthe

operatingsystem.Eachdevice is managedby a singleserver. For eachmounteddevice, theserver forks

a processto performasynchronousI/O on the device. Theseprocessescommunicatewith the server

throughsocketsandsharedmemory.

3.3.2 Volumes

A volumeis a collectionof �le andindex storagestructures(describedbelow) managedasa unit. All

storagestructuresresideentirelyononevolume.A volumehasa quotaspecifyinghow mustlargeit can

grow. Every volumehasa dedicatedB + -treeindex, calledtheroot index, to beusedfor catalogingthe

dataon thevolume.

3.3.3 Filesof Records

A record is anun-typedcontainerof bytes,consistingof atag, headerandbody. Thetagis asmall,read-

only locationthatstorestherecordsizeandotherimplementation-relatedinformation.Theheaderhasa

variablelength,but is limited by thesizeof aphysicaldiskpage.A VAS maystore-informationaboutthe

record(suchasits type)in theheader. Thebodyis theprimarydatastoragelocation.A recordcangrow

andshrinkin sizeby operationsthatappendandtruncatebytesat theendof therecord.A �le is acollec-

tion of records.Filesareusedfor clusteringrecordsandhaveaninterfacefor iteratingoverall therecords

they contain.Thenumberof recordsthata �le canhold is limited only by thespaceavailableon thevol-

umecontainingthe�le. Methodsfor creating/destroying �les, creating/destroying/appending/truncating

recordsandpinningrecordsfor readingarealsoprovidedaspartof theinterface.
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3.3.4 B + -tr eeIndexes

B + tree is the most popularindexing methodin databasecommunity. The B + -tree index facility in

SHOREprovidesassociative accessto data. Keys and their associatedvaluescanbe variablelength

(up to the sizeof a page). Keys can be composedof any of the basicC-languagetypesor variable

lengthcharacterstrings. A bulk-loading facility is provided. The numberof key-value pairs that an

index can hold is limited only by the spaceavailable on the volumecontainingthe index. Routines

for creating/destroying indexes,searchinganditeratingover a rangeof keys areprovidedaspartof the

interface.

3.3.5 R� -tr eeIndexes

An R-Tree[14] is a height-balancedtreestructuredesignedspeci�cally for indexing multi-dimensional

spatialobjects.It storestheminimumboundingbox (with 2 or moredimensions)of a spatialobjectas

thekey in the leaf pages.Thecurrentimplementationin SHOREis a variantof R-TreecalledR*-Tree

[2], which improvesthesearchperformanceby usinga betterheuristicfor redistributing entriesanddy-

namicallyreorganizingthetreeduringinsertion.All theoperationsprovidedfor B + -treeimplementation

arealsoprovidedfor R� -tree.

3.4 VAS API : Transaction Facilities

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

(oftenreferredto asACID) propertiesassociatedwith transactions.

3.4.1 Transactions

A transactionis anatomicsetof operationson records,�les, andindexes.Theinterfaceprovidesmeth-

odsfor beginning,committingandabortingtransactions.Updatesmadeby committedtransactionsare

guaranteedto bere�ectedon stablestorage,even in theeventof softwareor processorfailure. Updates

madeby abortedtransactionsarerolledbackandarenot re�ectedonstablestorage.

Althoughnestedtransactionsarenotprovided, thenotionof save� points is there.Save-pointsdelineate

asetof operationsthatcanberolledbackwithout rolling backtheentiretransaction.
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3.4.2 ConcurrencyControl

Transactionsarealsoa unit of isolation.Locking is providedby theSSMasa way to keepa transaction

from seeingtheeffect of another, uncommittedtransaction.Normally, locksareimplicitly acquiredby

operationsthataccessor modify persistentdatastructures,but theSSMinterfacealsoprovidesmethods

for locksto beacquiredexplicitly.

The SSM usesa standardhierarchical,two-phaselocking protocol [13]. For a �le, the hierarchyis

volume,�le, page,record; for anindex, it is volume,index, key-value.

Chainedtransactionsarealsoprovided.Chaininginvolvescommittinga transaction,retainingits locks,

startinga new transactionandgiving thelocksto thenew transaction.

3.5 VAS API : Crash Recovery Facilities

Thecrashrecovery facilitiesof theSSMconsistof logging,checkpointing,andrecovery management.

3.5.1 Logging

Updatesperformedby transactionsareloggedsothatthey canberolledback(in theeventof atransaction

abort)or restored(in theeventof acrash).Boththeold andnew valuesof anupdatedlocationarelogged

(so-calledundo/redologging). This techniquesupportsbuffer managementpolicieswith theproperties

calledsteal(a dirty pagecanbewritten to disk at any time) andno force(dirty pageneednot beforced

to diskatcommittime).

Thelog is a sequenceof log records.Thelog is storedin Unix �les in a specialdirectory. Thesizeand

locationof thelog is determinedby con�gurationoptions.

3.5.2 Checkpointing

Checkpointsaretaken periodicallyby the SSM in order to free log spaceandshortenrecovery time.

Checkpointsare”fuzzy” anddonot requirethesystemto pausewhile they arecompleting.However no

interfaceis providedfor a VAS programmerto controlcheckpointing.

3.5.3 Recovery

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

committedtransactionsandrolling backall updatesby transactionsthatdid not commitby the time of
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thecrash.

3.6 VAS API : Thr eadManagement

Providing thefacilitiesto implementa multi-threadedserver capableof managingmultiple transactions

is oneof thedistinguishingfeaturesof theSSM.Any programusingthe threadpackageautomatically

hasonethread.In addition,theSSMstartsonethreadto do background�ushing of thebuffer pool and

anotherto take periodiccheckpoints.SSMalsoprovideslatcheswhich area read/writesynchronization

mechanismfor threads,asopposedto lockswhich areusedfor synchronizingtransactions.Latchesare

muchlighterweightthanlocks,have nosymbolicnames,andhavenodeadlockdetection.

3.7 VAS API : Communication and RPC Facilities

Clients (applications)needa way to communicatewith servers. The SSM containsa versionof the

publicly availableSunRPCpackage,modi�ed to operatewith theSSM's threadpackage.TheSHORE

value-addedserver usesthis package.More detailson SSM programminginterfacecan be found in

SHOREmanualpages[22].



Chapter 4

The SPINE GenomicIndex

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

Performanceevaluationof BODHI indicatedthat it wasthesequencesimilarity querieswhich were

thecostliestandaffectedtheperformanceof crossdomainqueries.Thustheneedfor anindex structure

to improve theperformanceof sequencesimilarity querieswasfelt.

In this Chapterwe describethevariousmethodsusedby biologistsfor sequencesimilarity queries

andthe structureof the SPINEgenomicindex, which hasbeenproposedrecentlyasan alternative to

traditionalsuf�x trie indexes.

4.1 State-of-the-Art

The sequencesearchtools that are currently usedby biologistscan be broadly classi�ed undertwo

heads[19]: Seed-based, exempli�ed by BLAST, theclassicalsequencealignmentpackage[1], andSuf-

�x Tree-based, exempli�ed by MUMmer [7], the recently-developedalignmentsoftware from Celera

GenomicsandTIGR (TheInstitutefor GenomicsResearch).

In theseed-basedapproach,thedatasequenceis �rst searchedfor exact-matchesof shortseedse-

quencesfrom the querysequence.Theseseedsequencesarestoredin a keyword tree that is usually

implementedasa hashtable. Thesuccessfulexactmatchesthenform thecandidatesthatareextended

into betteralignments[1].

In theSuf�x Tree-basedapproach,on theotherhand,anexplicit index calledthesuf�x tree[10] is

createdfor theentiredatasequence– this index storesall suf�x esof thedatasequencein a vertically-

compactedtrie structure.Thepopularityof suf�x treescanbeascribedto theirhaving linear(in thesize

14
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Figure4.1: ExampleSPINE Index (for aaccacaaca)

of thedata)constructiontime andspacecomplexity aswell aslinear(in thesizeof thequery)searching

times. This treeis thenusedfor �nding all subsequence1 matchesof a given lengthof more(i.e. seed

sequences) with the querysequence.Thesematchesarethenextendedin both directionsto get local

alignments[7].

4.2 Structur eof SPINE

Neelapalaet.al.[21] recentlypresenteda new index structure,calledSPINE(SequenceProcessingIN-

dexing Engine),which they foundto have a varietyof advantageswith regardto thesuf�x treein terms

of its searchperformance.

We introducehere,theSPINEindex structurein brief. A samplepictureof a SPINEindex is shown

in Figure4.1 for thedatasequenceaaccacaaca . At its core,theSPINEindex consistsof a backbone

formedby a linear chainof nodesconnectedby vertebra edges,representingthe underlyinggenome

sequence.Thenodesareadditionallyconnectedby forwardribs andextensionribs, andbackward links

1asubstringis calledsubsequenceby thebiologists
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for facilitatingfasttraversalsoverthebackboneduringtheindex constructionandquerysearchprocesses.

All the edgeshave associatedlabelsthat areassignedduring the constructionprocessandareusedto

determinewhich pathsarevalid for traversalin theSPINEstructure.

In particular, eachvertebracorrespondsto a characterin theinput datasequence,andthis character

is usedto provide a characterlabel (CL) for thevertebra.Theribs andextensionribs represent(in con-

junction with the backbone)all possiblesuf�x esof the datasequence.Eachrib is alsolabeledwith a

characterlabel,correspondingto thecharacterthat it representsin theassociatedsuf�x. Thecoalescing

of all thepathsinto a singlepathleadsto thepossibilityof introducingfalsepositivesduringsearchon

SPINE.To avoid this the ribs andextensionribs are labeledwith a PathlengthThreshold(PT) which

indicatesthe maximumpathlengththat canbe traversedbeforetraversingthat particularrib. The ex-

tensionribs haveanadditionallabelcalledParentRib Threshold(PRT) associatedto identify themwith

a particularrib. The links have an integer label calledLongestEarly terminatingsuf�x Length(LEL)

which is alsoassignedduring index creationandhelpsavoid falsepositives. Due to lack of space,for

moredetailson thestructurewereferthereaderto [21].

From an abstractviewpoint, SPINEcanbe viewed asa horizontal compaction of the trie of the

datasequence,in marked contrastto suf�x treeswhich represent,asmentionedearlier, a vertical trie

compaction.Themotivation behindthis horizontalcompactionis to avoid theduplicationof common

segmentsamongthevariouspathsin thetrie, thusreducingthenumberof nodesandtherebythespace

requiredto index a sequence.In fact,it carriesthis to thelogicalextremeof representingeachcharacter

of theoriginaldatasequenceonly oncein theindex structure.This is in contrastto thesuf�x trees,where

thenumberof nodesmaygouptodoublethenumberof charactersin thesequence.

Further, theimprovementis not restrictedto just thenumberof nodes,but thesizeof SPINEnodes,

with the implementationof Neelapalaet.al.,is alsosmallerthantheir suf�x-tree counterparts.The av-

erageindex overheadpersequencecharacteris about12 bytesasmentionedin [21], whereasMUMmer

requires17:4 bytespercharacterindexed.

4.3 Original SpineImplementation

We enlistherefew propertiesof theSPINEindex structure,which areimportantfor understandingthe

implementationaspects.Thesepropertiesarediscussedin moredetailsin [21].

� Eachnodehasa link associatedwith it.
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� Thevertebrasneednotbeexplicitly represented,dueto sequentialallocationof nodes.

� Eachnodecanhave from 0 to 4 rib entries.

� A nodecanhaveatmostoneextensionrib emanatingfrom it.

Due to the above propertiesthe original implementationof SPINEasmentionedin [21] uses� ve

differenttables.It consistsof a Link Table (LT) andfour RibTables(RTs), entriesof which areshown

in Figure4.2. The LT containsoneentry for eachnode(character)in the string. It storesLEL of the

node's link asoneof its columnswhile theothercolumnrepresentseitherthe destinationnodeof that

link (theLD �eld) or a pointerto anentryin oneof theRTs (thePTR�eld). In particular, theLT stores

thelink destinationsonly for thenodesthatdon't have any ribs/extensionrib. For theremainingnodes,

they arestoredin theRT entriesonly.

Eachnodefeaturesin at mostoneRT table.A RT entryfor anodestoresthedestinationnodeof the

link of thatnodeandalsothedestinationnodes(theRD�elds) andthethresholdvalues(thePT�elds) of

all theribs/extensionribs emanatingfrom thenode.And, lastly, thePRT�eld denotesthePRT valueof

theextensionrib.
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Figure4.2: Optimized SPINE Implementation

By implementingall theaboveoptimizations,theneteffect is thattheaveragenodesizein SPINEis

lessthan12bytes, thatis, theindex takesupto12bytesperindexedcharacter. Theadvantageof smaller

nodesizesis re�ected not only in spaceoccupancy but also in improved constructionandsearching

times.



Chapter 5

Integration of SPINE with BODHI

Wehadatourhandsthesourcecodeof implementationof SPINEfrom Neelapalaet.al.Thecodewritten

by themwasrequiredto bere-engineeredin orderto integrateit with BODHI.

In thisChapterwe�rst describethefeaturesof originalSPINEimplementationthatrequiredchanges.

Wethendiscussin Chapter5.1,how wehavechangedthesefeaturesanda few issueswhicharerelevant

to our implementationusing SSM. Finally in Chapter5.2 we discussthe integration of SPINE with

BODHI whichrequiredSPINEto bemergedwith theimplementationof BLAST in BODHI.

Thefeaturesof originalSPINEcodewhich largely requiredre-engineeringare:

1. Original implementationusedoperatingsystem�les for storingtheentriesin theLT andRT[1::4]

tables.Eachtablewasstoredin asingle�le. Thisneededto bechangedto usingadatabasestorage

manager, in particulartheSSM.

2. Useof SSMrequiredthestoragetechniqueto bechanged.OriginalSPINEprogramstoredrecords

of eachtablein a separate�le in a sequentialmanner. Therecordswereaccessedbackusingthe

recordnumberasa key. Dueto thelimited programminginterfaceprovidedby SSM,this storage

schemeof one�le pertablecouldnotbeimplementedandalternative storageschemewasneeded

to bedevised.

3. BODHI is aclient-server databasesystem,whichrequiredusto supportSPINEindex creationand

queryingusinga client-server interface.This neededsigni�cant coderestructuring,modi�cations

andaddingRPCbasedclient-server functionality.

4. BODHI allows for multiple usersto access,readandmodify thedatabasesimultaneously. When

usinganindex likeSPINEwith BODHI, theACID (Atomicity, Consistency, Isolation,Durability)

18
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propertiesof all transactionsneedto be preserved, which wasnot requiredwith the standalone

�le-basedimplementationof Neelapalaet.al. TheSSMprovidestransactionfacilities to preserve

ACID properties.To usethesefacilities,theinterfacefor adding,modifying,deletingandreading

recordswasneededto bemodi�ed.

5. Theoriginalsourcecodeof SPINEwaswritten in C,whereasBODHI hasbeenimplementedusing

C++. Thusthe codewasrequiredto be rewritten by addinga classinterface,makingsyntactic

changesandproviding properinterfacesfor interactingwith otherBODHI modules.

5.1 Re-Implementationof SPINE

In order to supportthe above requirementswe madethe following changesto the implementationof

SPINE:

5.1.1 Implementation asa VAS

We choseto implementSPINEasa ValueAddedServer (VAS). Theadvantagesof implementingit asa

VAS canbeeasilyseento be:

1. The codeof SHOREwas not requiredto be changed.Changesin the codeof SHOREwould

have hadsystem-wideimplicationson BODHI andevery modulemight have requiredto undergo

changes.

2. This easilysatis�esour requirementof providing a client-server interface.

3. Theindex worksasa separatemodulewhich interactswith othermodulesof BODHI, thusfacili-

tatingmodularcodeandeasierdevelopment.

4. It could further help the performanceby runningthe SPINEserver in parallelwith SHOREand

otherVASsin BODHI.

5. Thehandlingof index becomesindependentof handlingof sequences.Sequencesarestill being

handledby theGenestoreVAS alreadyexisting in BODHI. TheSPINEVAS interactswith Gene-

storefor fetchingsequencesto build indexes. (As mentionedin [21]: oncethe index is built, for

subsequentqueryingonedoesnotneedto remember/know theoriginal sequence.)
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5.1.2 B + Treesfor storing records

As mentionedin Chapter3, theSSMinterfaceprovidesboth�les of recordsandB + treeinterfaces.

The simplesolutionof usinga separate�le for eachof the � ve tablesof SPINEwasnot found to

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-indexing styletechnique.Thususing�les of recordswould requirea mappingbetweentheinteger

indicesandserial t structure.Suchamappingcanbeprovidedby usingtheB + treestructure.Theindex

would storethe serial t structureasthe dataandusethe integer index asthe key. However, now the

accessto a recordrequiresaccessingboththeindex and�le of records.To avoid this doubleaccess,we

choseto storetherecorditself in theB + treeasdataandusetheinteger index asthekey.

Storingrecordsin B + treehasthe disadvantageof reducingfan-outof the treeandincreasingse-

quentialscanoverheadsbut theadvantageof avoiding accessto a �le aswell asB + treescoresover the

disadvantages.

Thusour implementationof SPINEuses� veB + treesfor storingeachof the� ve tablesexplainedin

Chapter4. This implementationhastheadvantagethataftercreationof theindex, accessto recordscan

bedonein logarithmictime while theearlierimplementationin [21] hada lineartimeaccess.

5.1.3 Multiple SPINE indexeson the samevolume

BODHI hostsa large numberof speciesand their sequences.(One speciemay have more than one

sequencestoredfor it, e.g.,all thechromosomesof thatspecie).It shouldbepossibleto createa SPINE

index oneachof thesequencesonthesamevolumeandaccessit backfor querying.

To supportthis feature,our implementationusesa masterB + treeindex (Note that this is not the

sameasroot index discussedin Chapter3). ThemasterB + treeindex usestheLogical ObjectIDenti�er

(LOID) of the sequenceasa key. The LOID which is assignedto eachdataitem is guaranteedto be

uniqueby SSM.Also, all thestoragestructuresmanagedby SSM(e.g.records,indexes,�les, etc.)have

associatedwith thema serial t structureguaranteedto beunique. Thedataindexedby themasterB +

treeindex is a recordcontainingthe serial t ids of the � ve B + trees(onefor LT andfour for RTs) of

theSPINEindex. Thuswe canlocatethe LT andRT[1-4] tablesfor any of the speciesandany of its

sequenceson thevolumeaftertheindex hasbeenbuilt. Figure5.1shows thedesignof storagestructure.

Pleasenotethat theaccessto masterB + treeindex is madeonly once(persequence)while creating
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Figure5.1: StorageStructure Organization for SPINE

theindex or while usingtheindex for querying.

5.1.4 Handling multiple transactionssimultaneously

UsingtheVAS interfacewe have implementedSPINEasa multithreadedserver. Thusmultiple clients

canconnectto it simultaneously. As discussedin Chapter3 theACID propertiesof transactionsaretaken

careby theSSM.

Wehaveimplementedclientinterfacefor SPINEin two versions:(a)acommandlinedriveninterface

(b) a library interface. The commandline driven interfacecanbe usedby usersto accessthe SPINE

server independentof BODHI while the library interfacehasbeenbuilt for integratingtheSPINEVAS

with othersoftwareslike BODHI. Theserver itself alsosupportsthecommandline driveninterface.

5.1.5 Recordsizeoptimizations

The implementationof SPINEas explainedin [21] usesvariousoptimizationsto reducethe sizesof

records.However in aC/C++programtheseoptimizationscannotholddueto thealignmentrestrictions

that the compiler imposeson the sizesof structures.Thusa recordwhich holdstotal 6 bytesof data

elementscouldbestoredasa8byterecordby thecompiler. Neelapalaet.al.treatedtheC structures

asarrays of characters andstoredtheexactnumberof byteson disk, in their implementation.

Thuseventheaccessto any of theelementsinsidetheLT or RT tablerecordswasdoneby manipulating

arraysof characters.

Thiscouldnotbedonewith SSMbecausetheinterfaceprovidedby it acceptsastructurefor storage

andnot an arrayof characters.Thus the tricks employed in [21] could not be usedanymore. Thus,
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theoptimizationssuggestedin [21] for thesizesof therecordscouldnot beimplementedwith SHORE.

This resultedin the sizesof recordswith our implementationto be bigger thanthe implementationof

Neelapalaet.al.

5.1.6 Workar oundsfor log sizelimitations

SSMlogsboththeold andnew valuesof datafor all theupdates(seeChapter3). Thismakeslog records

of sizetwice thedatamodi�ed. Thusthelog requirementsbecomevery hugeif we aretrying to create

SPINEindex for very big sequences(sizein millions). However even with themaximumpossiblelog

sizeallowedby SSM,we couldcreateindex for sequencesof lengthupto800,000only. To improve on

this we tried turningoff the loggingfor therecords.However thepage-level logswerestill big enough

to allow usbuild indexesuptolength5 million only.

To handlethis problemwe have implementeda workaroundwhich makesusethechainedtransac-

tionsfacility providedby SSM.Wecommitthetransactionaftereach5 million charactershavebeenseen

for building index andrestartthe transaction.Sincecommittingandstartinga new transactionrequires

acquiringall thelocksagainwe usea chainedtransactioninstead.Theeffect of committingtransaction

is to make SSMreusethe log spaceusedsofar andsigni�cant amountof log spaceis regained.In our

experiments,weobservedthatthelineartimecomplexity of building SPINEwasnotaffecteddueto this.

5.2 Integration with BODHI

ThoughSPINEis implementedasanindependentclient-server module,for auserof BODHI theSPINE

VAS shouldappearasanintegral partof BODHI. As describedearlier, wehave implementedtheclient-

sideinterfaceof SPINEVAS asa library also. Using this RPCclient interface,we have changedthe

existing implementationof BLAST algorithmin BODHI asexplainedaheadin details.

5.2.1 Query �o w in BODHI

Figure5.2shows query�o w in BODHI. TheODL andOQL queriesarecompiledby thecorresponding

compilersinto equivalentC++ code. This C++ codeis thencompiledinto an executableby the C++

compiler. Theexecutableis alsolinkedwith theRPC(RemoteProcedureCall) librariesof theSHORE

server, theGeneStoreVAS, thepath-dictionaryindex server (not shown in �gure) andtheSPINEVAS.

Whentheexecutableis run, thedesiredquerygetsexecuted.
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Figure5.2: Query Flow in BODHI with SPINE

5.2.2 Functional Enhancementsto the Object Model

Figure5.3shows theobjectmodelof theplantbio-diversitydatabasecurrentlybeingusedwith BODHI.

TheDNA entity representsa DNA entryfor eachspecies.

Thecurrentimplementationof theGeneStoreVAS usesfunctionsde�ned for eachDNA objectfor

its operation.Thusa BLAST queryon a DNA sequenceis actuallyexecutedasa functionof thatDNA

object.

On linessimilar to theGeneStoreVAS, wehaveaddedtwo morefunctionsto theDNA entity on the

objectmodel. First: createIndex, for creatingthe SPINEindex andSecond: �ndMatches, a function

which �nds all maximalsubsequencematchesof the theDNA sequencewith anothersequencepassed

asanargument.

We explain the implementationof thesetwo functionsin moredetailsahead.Pleasenotethat the

DNA entity would remainthe samefor any other object model of BODHI, henceour integration of

SPINEwith BODHI will work for all objectmodelsdealingwith DNAs.
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Figure5.3: Object modelof plant bio-diversity database

5.2.3 Index Creation

ThecreateIndex functionbuilds SPINEindex on thatDNA's sequence.Using theSPINEclient library

(explainedin Chapter5.1) it createsa SPINEclient. TheSPINEclient makesa RPCcall to themethod

for creatingindex on the SPINEserver, passingthe DNA sequenceand its LOID asarguments.The

SPINEVAS thenbuilds the index andanentryis madeinto theMasterB + treeindex usingtheDNA's

LOID asthekey.

5.2.4 Querying the Index

As explainedin Chapter4, suf�x treesareusedfor sequencesimilarity queries.Thedifferencebetween

theseed-basedandindex-basedapproachestowardssequencesimilarity queryprocessinglies mainly in

the �rst stage,wheretwo given sequencesarematchedagainsteachother for �nding seedsequences.

After this �rst stagethesecondstageof extendingtheseedsequencesis thesamefor bothapproaches.

To integrateSPINEwith sequencesimilarity algorithmof BLAST in BODHI, we havemodi�ed the

existing implementationof BLAST to usetheSPINEindex duringthe�rst stageof sequencesimilarity

querycomputation.

Thenew implementationof BLAST calls the�ndMatchesfunctionduringits �rst stage.This func-

tion takesthequerystringasanargument.It createsa SPINEclient objectwhich in turn makesa RPC

call to theSPINEserver with the DNA's LOID andthe querystringasarguments.The SPINEserver
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Figure5.4: Index Construction Time

checks�rst if theSPINEindex alreadyexistsfor thatparticularDNA (usingtheLOID key). If theindex

existsthenit is usedfor �nding all themaximalsubsequencematchesof aparticularlengthof more.All

thematchesfoundarereturnedthroughtheSPINEclient to theBLAST function. If theSPINEindex for

theDNA doesnotexist thenanerroris returnedandtheBLAST functionrunstheseed-based�rst stage.

RPCimplementationsimposecertainsystemspeci�c limits onthesizesof datathatcanbetransferred

(aroundafew thousandbytes).Henceourintegrationof SPINEwith BLAST hasthelimitation to handle

sequencesof only a few thousandsof length.

It shouldbenotedthat theSPINEVAS doesnot needto contacttheGeneStoreVAS oncegiventhe

query. This is becauseSPINEdoesnot requiretheoriginal sequencefor querying.

5.3 PerformanceStudy

The platform usedfor our experimentswas a Pentium-IV2:4 GHz, 1 GB memorymachinerunning

RedhatLinux.

5.3.1 Index construction

Figure5.4shows theindex constructiontime for our implementationof SPINEusingSHORE.It canbe

seenthattheconstructiontimeis almostlinearin sizeof sequence.Thisis expectedsincetheconstruction

algorithmis linearin timecomplexity. Theconstructiontimein absolutenumbersis high,but sinceindex

creationcostis occurredonly once,it is notmucha concern.
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5.3.2 Index size

We observedthesizeoccupiedby index on thevolumeto bevery high at around85 bytespercharacter

indexed. Thereasonsthatwe cansitefor this are: (a) Thesizesof recordsin LT andRT[1-4] tablesare

biggerthan12 bytessincewe cannot manipulatethemasarraysof characters(b) SSM addsits own

headersto records,increasingtheir sizesfurther (c) Theoccupancy of B + treesis not guaranteedto be

100%andmaybeaslow as50%also.Thenon-occupiedspacein eachpageof B + treeis anoverhead.

5.3.3 Subsequencematch queries

We have comparedtheperformanceof our implementationof SPINEusingSSMwith (a) BLAST im-

plementationin BODHI and(b) BLAST implementationdoneby NCBI [20] which is a tool commonly

usedby biologists.

Comparisonwith BLAST in BODHI

Figure5.5shows theperformanceof sequencesimilarity queriesin BODHI usingoriginal BLAST im-

plementationin BODHI andusingmodi�ed BLAST implementation(usingSPINE).

Thedatausedconsistedof 100specieswith onesequenceperspecie.Thesequenceswereobtained

by takingrandomsubstringsfrom thesequences[ECO], [VIB], [CLS], [CEL] asexplainedsubsequently.

Thequerysequencesusedwerealsoobtainedsimilarly andwereof samelengthaseachdatasequence.

Thememoryallocatedto SPINEVAS andGenestoreVAS was30MB each.

Figure5.5 shows the resultsof the comparison.It is a stackgraphandupperlayer in eachstack

shows theextra timetakenby originalBLAST implementation.It canbeclearlyseenthatuseof SPINE

index hasimprovedtheperformance.Theperformanceimprovementvariesfrom half to almostoneor-

derof magnitude.Also, with increasingsequencelengthand/ordecreasingseedlengthwegetmoreand

moregainsby usingindex. Wecouldnotobtainqueryperformancefor biggersequencesdueto theRPC

limitationsmentionedearlier.

Comparisonwith NCBI BLAST:

NCBI [20] BLAST is asequencesimilarity querytool commonlyusedby biologists.Thetool runstotally

in memory. We havedonea comparative studyof subsequencematchqueryperformanceof SPINEand

NCBI-BLAST. Thesequencesusedwere

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

� VIB : Vibrio bacterialgenomeof length1.0million

� CLS: Clostridium-tetanibacterialgenomeof length2.7million

� CEL: 4.0million lengthpre�x of C.Elegansbacterialgenomeof length15.5million characters;

Theexperimentswereconductedusingthefollowing methods:

� BLAST-11: NCBI-BLAST with seedlengthof 11

� BLAST-10: NCBI-BLAST with seedlengthof 10

� MEM-SPINE : Neelapalaet.al's implementationof SPINEin memory

� SHORE-SPINE: Our implementationof SPINEusingSHOREwith 30MB memoryand300MB

memory. Thesizeof 300MB waschosento ensurethatany of theindexes�ts in memory.

Figure5.6showstheresultsof ourexperiments.Thetimingsreportedfor MEM-SPINEandSHORE-

SPINEareonly for subsequencematchinganddo not includethe time for extendingmatchedsubse-

quences(for �nding alignment). This is because(a) MEM-SPINE's implementationfrom Neelapala

et.al.doesnothave thecodefor doingextensionand(b) SHORE-SPINE's performancewasstudiedus-

ing thecommand-lineinterfacesincetheclient-interfaceintegratedwith BODHI suffersfrom sequence

lengthlimitationsdiscussedearlier.



CHAPTER5. INTEGRATION OFSPINEWITH BODHI 28

Figure5.6: SubsequenceMatch Query Times

We observe thatBLAST with seedlengthof 11, which is theheuristicvalue,performsmuchbetter

comparedto SHORE-SPINE.ThoughMEM-SPINEappearsto performbetterthanBLAST, it actually

is performingasgoodasBLAST-11consideringthetime BLAST-11 takesfor extendingmatches.

BLAST is aheuristicbasedalgorithmandperformsbestfor seedlength11, however while doingso

it maymissoutsomematchesof smallerlengthwhich whenextendedmayresultin goodalignments.A

solutionto this is to runBLAST with smallervalueof seedsequencelength,e.g.10. HoweverFigure5.6

showsthat,BLAST-10performsmuchworsethanBLAST-11,worsethanSHORE-SPINEwith 300MB

memoryand almostsameas SHORE-SPINEwith 30 MB memory. We have observed that BLAST

performsevenworsewhentheseedlengthsaredecreasedfurther. On thecontraryeitherMEM-SPINE's

or SHORE-SPINE's performancedoesnot dependon theseedlength.Theseedlengthonly determines

which matchesarereturned.ThusSPINEoffersaccurateresultswhile performingasgoodasBLAST,

whenseedlengthsaresmall.

It may appearstrangethat SHORE-SPINEwith 300 MB of memoryperformsmuchslower than

MEM-SPINE, when300 MB is enoughfor any of the indexes to �t in memory. We attribute this to

morememoryaccessesmadeby SHORE-SPINEdueto thefollowing reasons:(a) Thesizeof anindex

with SHORE-SPINEis almostone order of magnitudemore than with MEM-SPINE. MEM-SPINE

requires12 bytespercharacterwhile SHORE-SPINErequiresaround85 bytes. Thuswe accessmore

memorywith SHORE-SPINE.(b) Accessto a recordwith MEM-SPINEis directlymadeby usingarray

indexing, whereaswith SHORE-SPINEeachrecordaccessrequirestraversinginternalnodesof a B +
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tree.(c) Thepagetablesmaintainedby storagemanagerof SHOREareaccessedfrequentlyandwith 300

MB memory, pagetablesizeis alsobig enough.(d) Cachemisseswouldbemorewith 300MB memory

thanwith 30 MB memory. (e) Theprogramsizeis muchbiggerimplying morerunningtimesalso.We

have veri�ed thesereasonsby doing pro�ling of our programusingthe gprof tool availablein Linux.

Thustheperformanceof SPINEis foundto beaffecteddueto theenvironment(SHORE)in which it is

implemented.



Chapter 6

Implementation of Graphical User

Interface Framework

BODHI supportsfull OQL/ODL [6] queryinginterfaceon theserver side[3, 4]. However for thebio-

diversity researchers,who arethe endusersof the BODHI system,learninga queryinglanguageis a

cumbersometask.Typically they do not have any experienceof usingsuchlanguagesandarereluctant

to learnit. Thus,in orderto bereally usefulto its endusers,BODHI requiresa graphicaluserinterface

for expressingthequeries.

BODHI currentlyhostsa plantbio-diversitydatabase,theschemaof which hasbeenshown in Fig-

ure5.3.Ouraim wasto build a userinterfaceto allow queryingthisparticularschemacomprehensively.

We enlistbelow thepropertiesandfunctionalitydesiredfrom theuserinterface.

1. Intuiti ve and simple: The userinterfaceshouldbe intuitively clearto theenduser. The layout

andthe�elds providedfor queryingshouldbesimpleenoughto beunderstoodby just looking at

them. Thesemanticsassociatedwith eachqueryingfacility shouldbeintuitively clearfrom their

appearance.

2. Automated and correct: The queriesexpressedby usersshouldbeautomaticallyandcorrectly

convertedinto OQL. TheOQL queriesshouldberun on theserver, andtheresultsreturnedto the

userin a transparentmanner.

3. Compact: A screenfulof information[23] is what thehumaneye cangraspeasily. By an intel-

ligent placementof query�elds andconsciousattemptat reducingthenumberof querying�elds,

30
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theinterfaceshouldbekeptcompact.Also, oneshouldbeableto expressmulti-domainaswell as

uni-domainqueriesusingthesameinterface.

4. Utility: While beingcompactthe interfaceshouldalsoallow the userto form asmany queries

aspossiblewith aslesseffort aspossible.TheOQL allows usersto form any numberof queries,

given the databaseschema.The queryinterfaceshouldaim at goingascloseaspossibleto this

idealsituation.

5. Accessibility: Accessibility over the internet is a highly desiredfeature. This allows the re-

searchersall over the world to useand extract information from the database.Also it makes

the userinterfacesystemplatform independent,asmostof the popularbrowsersrun on mostof

theplatforms.

6. Customizableoutput : Theoutputof userqueriesshouldbepresentedin acustomizablemanner.

Theusersshouldbeableto applytheirown formattingandview theresultstheway they want.

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

requirementsthatmayarise.

8. Convenient spatial querying: Expressingthe spatialqueriesis a pain for the usersif they are

requiredto enterthelatitude-longitudeparametersby hand.To simplify thiskind of querying,the

queryinginterfaceshouldprovidegraphicalwaysof specifyingthespatialcomponentsof queries.

Facilitieslike zooming,panningandrubber-bandselectionwould facilitatethetaskgreatly.

9. Easynavigation: It shouldbepossibleto navigateeasilythroughoutthequeryinterface.Quicker

waysof reachingthedesiredpartof theinterfaceshouldbeprovided.

10. Help: Apart from being intuitive andsimple,an online help facility would greatlyenhancethe

understandabilityof theinterfacefor theendusers.

We have implementeda graphicaluserinterfacefor BODHI which satis�esall of theaboverequire-

mentsto alargeextent.Wenow explainthearchitectureof theuserinterfaceframework,thetechnologies

involvedin theimplementation,thecapabilitiesof theinterfaceandprovide few snapshotsof the inter-

face.
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Figure6.1: Graphical User Interface Framework Architecture

6.1 Ar chitectureof the Graphical User Interface Framework

Figure6.1shows thearchitectureof theGraphicalUserInterfaceFramework of BODHI. It is a typical

4-tier architecturewhich consistof a backenddatabasesystem(BODHI), a webserver servingHTML

webpages(apache),CGI-scriptsfor theapplicationlogic (perl) andthewebbrowserat theuserend.

6.2 TechnologyChoices

Wechosethefollowing technologiesfor implementingtheuserinterfaceof BODHI:

� HTML form for query input: The requirementof having BODHI accessibleover the internet

translatesinto having webbasedgraphicaluserinterface. We have implementedthequeryinput

interfaceasanHTML form asshown in Figure6.2.

� Javascript for query conversion to OQL: Javascriptis themostpopularlanguagefor client side

programmingwith webpages.It is anobject-basedprogramminglanguagewith C like syntaxand

supportedby mostof thebrowsers.All thepopularwebbrowserslikeInternetExplorer, Netscape,

Operasupportit.

� Java Applet for spatial querying: We have usedtheGIS4appletavailablefrom [12] for spatial

dataviewing andquerying.Theoriginalapplettakenfrom [12] allowedonly for viewing of spatial
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data.We have modi�ed theappletcodeto alsoallow rubber-bandselectionof queries,asshown

in Figure6.3.

� Java-Javascript interaction: InteractionbetweenJava andJavascriptis requiredfor exchangeof

thespatialqueryinformation.TheJava appletdoesthejob of rubber-bandselectionof queryand

passeson the informationto Javascriptcodefor convertingit into OQL. To performthis we used

theLiveConnectJavapackageavailablefrom Netscape[15].

� CGI-Perl scripts for server sideprocessing:CGI (CommonGateway Interface)is astandardfor

externalgateway programsto interfacewith informationserverssuchasHTTP servers. Perlhas

becamea popularlanguagefor doingCGI programmingdueto thelargesetof librariesavailable

with it. The queriesfrom the userinterfaceareprocessedby the CGI-perl scriptson the server

side. They do the job of submittingthe queriesto the translatorandreturningthe resultsfrom

BODHI systembackto users.

� XML for output: XML [8] hasbecomethe de-factostandardfor dataexchangeover the web.

Henceit is highly desirablefor the resultsto be presentedusing XML. This allows the users

to apply their own formatting to the results(usingXSL stylesheets)for viewing, thusallowing

customizationof result-viewing. Use of XML in publishingresultsalso makes provisions for

futuredataexchangesif required.

6.3 Capabilities of the Query Interface

Figure6.2shows thequeryinput form. Thecurrentimplementationof thequeryinginterfaceis capable

of specifyingmulti-domainaswell asuni-domainqueriesinvolving uptofour species.

In particularfor eachof thethreedomains,viz. taxonomy, spatialandsequence,it hasthefollowing

capabilities:

6.3.1 Taxonomy:

Theleft half of theform allows usto querythetaxonomyandphenotype(concerningthecharacteristics

of species)information.Onecanspecify:

� Equalitypredicatesonspeciesname,genera,family andorder.

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

� Equalitypredicatesoneachof thecharacteristicsof thespecies.

� Joinpredicatesoneachof thecharacteristics.Multiple join predicatescanalsobespeci�edon the

samecharacteristic.

6.3.2 Sequence:

Theupperright partof theform allows usto querythesequenceinformation.It canspecify:

� Displaypredicateon thesequence.

� Blastquerywith specievs.specieor specievs.sequencejoin predicate.

� Predicatesfor blastquerylike cutoff score, numberof outputs.

6.3.3 Spatial:

Thelower right partof theform allows usto querythespatialinformation.It canspecify:

� Equalitypredicatesonthenamesof spatialattributes,viz. forests,georegionsandrivers. Only the

forestpartcanbeseenin Figure6.2.

� Displaypredicatesonall thespatialattributes.

� Joinpredicateslike overlaps,intersects,contains,equalsacrossthespatialattributesof species.
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Figure6.3: Rubber-band selectionof Spatial Query

Figure6.4: Help Tags

� Thespatialapplet(GIS4[12]) allows zooming,panning,switchingon-off the informationlayers

for bettervisualizationof thequerymap.Onecanspecifya rubber-bandrectangle-selectionquery

usingthisapplet.

6.4 Snapshotsof the Interface

Wealreadyhave discussedthequeryinput form shown in Figure6.2. It canbeseenthatit is ascompact

asoneandhalf screens.It alsoshowshow onecanspecifythesamplequeryspeci�edin Chapter1 using

thequeryform.

A comparisonof Figure5.3andFigure6.2showsthatthequeryinterfacecomprehensively coversthe

objectmodelfor theplantdatabasecurrentlybeinghostedwith BODHI. Figure6.3shows speci�cation

of a region by usingrubber-bandselectionon the mapseenon applet. The help tags associatedwith

eachquery input �eld appearasshown in Figure6.4. Figure6.5 shows the zoomingoperationbeing

performedusingtheGIS applet.

Theresultsreturnedfrom server arein XML which canbeseenin Figure6.6.Finally theresultsare

displayedin HTML asshown in Figure6.7.WehaveusedaXSL [9] stylesheetto specifytheconversion

from theXML resultsto HTML. Thehyperlinkshown in Figure6.7,whenclicked,displaysthespatial
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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
menu in browser)
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Figure6.7: XML Resultsshown asHTML

resultsusingtheGIS4applet(notshown in Figure).



Chapter 7

Conclusionsand Futur eWork

BODHI now comesequippedwith the SPINEgenomicindex, which hashelpedimprove the perfor-

manceof sequencesimilarity queries.The improvementsaremorefor smallerseedlengthsandlarger

sequences.

The web basedquery interface has simpli�ed the task of specifyingqueriesover the plant bio-

diversity databaseto a greatextent and the systemis useful in a convenientfashionto the plant bio-

diversity researchers.We have demonstratedthe userinterfaceto researchesat Centerfor Ecological

Sciencesat IndianInstituteof Scienceandthey have opinedtheinterfaceto beuseful.

Futurework canconcentrateon de�ning costmodelfor SPINEandintegratingit with queryopti-

mizer. Also, efforts canbedirectedtowardsusingtheSPINEindex to supportvarioussequenceopera-

tionslike �nding all occurrencesof a string,maximalmatchingsubstrings,etc. independently.
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