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Abstract

Bulk structureglay a centralrdle in data-intensie applicationprogramming.Theissuesof bulk typedefinitionand
implementatioraswell astheirintegrationinto databas@rogrammindanguagesire,thereforekey topicsin current
DBPL research.

In this paperwe raisea moregeneralanguagedesignandimplementatiorissueby askingwhetherthereshould
be at all built-in bulk typesin DBPLs. Instead,one could arguethat bulk typesshouldbe realizedexclusiely as
userdefinableadd-ongo unbiasedorelanguagesvith appropriaterimitivesandabstractiorfacilities.

In searchindor ananswemvefirst distinguishtwo substantiallydifferentlevelsonwhichbulk typesaresupported.
ElementanBulk essentiallycopeswith persistenstorageof massata theiridentificationandupdate Advancedulk
providesadditionalsupportequiredfor data-intensie applicationsuchasoptimizedassociatie queriesandintegrity
supportunderconcurreng andfailure.

Our long-termexperiencewith bulk typesin the DBPL languageandsystemclearly shavs the limitation of the
built-in approach:built-in AdvancedBulk, aselaborateasit may be, frequentlydoesnot cover the whole rangeof
demand®f afully-fledgedapplicationandoftendoesnot provide a decentpay-of for its implementatioreffort. On
theotherhand restrictionto built-in ElementanBulkgivestoolittle usersupportfor mostdata-intensie applications.

We report our currentwork on opendatabasepplicationsystemswhich favours DBPLs with bulk typesas
add-onsandoutline someof the technologicatequirements$or highly reusablémplementation®f languagesvith
adwanceduserprovidedbulk type definitions.

1 Bulk Data: A Languageand SystemProblem

Thereis no doubtthatbulk typesareof centralimportancen data-intensie applicationprogramming.Accordingly,

the designand implementationof bulk typesis a key topic in DB and DBPL researchand development[Sch78

ADGT89, ABWT90, HS89 AB87]. Irrespectie of the particularkind of bulk datastructurespresentin a given

databas@rogrammingernvironment(e.q. lists, sets,relationsin traditional DBPLS; classextentsin object-oriented
databasedyasepredicatesn deductve databasesr extensionallydefinedfunctionsin functionaldatabaseshnecan

distinguishtwo fundamentallydifferentapproacheto bulk type supportwithin alanguagdramework:

Built-In Bulk Types are provided asfirst-classparameterizedype constructorsn several programminganguages
[Sch77 LRV88, OBBT89 NT8Y|, theirsyntax,typerules,semanticandimplementatiorbeinghard-wirednto
thelanguageprocessoandtherun-timesystemsupport.

Add-On Bulk Types are definedand implementedutilizing standardbuilt-in languagemechanismgtyping, nam-
ing, binding, scopingor recursion)of a sufficiently genericgeneral-purposbaselanguagdike ML [MTH90],
Modula-3[CDG*88], Napier88[DCBM89] or Eiffel [Mey8§].

In this paperwe analyzethe motivationsandbasicassumptiondehindboth (extreme)approacheandexplore
theirindividualadvantagesndshortcomingsThisinvestigatioris basedntheonehandonoursubstantiaéxperience
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with the designand implementatiorof databaserogramminglanguagesncorporatingpowerful built-in bulk type

supporf{Sch77 KMP+83, MS89. Ontheotherhandit reportsonourcurrentwork within theESPRITBasicResearch
Action FIDE (Formally IntegratedDatabasdznvironment)wherewe aredesigningTycoon', a languageandsystem
ernvironmentwith add-onbulk types.

As elaboratedn moredetailin section3, the choicebetweerbuilt-in andadd-onbulk typesis to be regarded
moreasanarchitecturatiecisionthana purelanguage-desigproblem.Thereforewe will alsopresenburexperience
gainedin the procesf implementingouilt-in andadd-onbulk types.

Theissueof built-in vs. add-onbulk typeshasa longertraditionin the PersistenProgrammind-anguagecom-
munity, in the DBPL camp,however, themaingoalalwaysconsistedn building in advancedbulk types.By reporting
onour own pastexperiencesindfuture expectationsve attemptto contributeto amoreopenandobjective discussion
onthisimportantDBPL researchissue.

In section2 we reporton experiencewith built-in bulk typesby referringessentiallyo DBPL, aset-andpredicate-
basedoroceduratiatabasprogramminganguagdSEM88. We illustrateissuesn languagealesign systenmconstruc-
tion and applicationprogramminginvolving built-in bulk types. Sinceothershave alreadydiscussedhe general
propertiesandrequirementsf bulk typesin somedetail[ART91], section2.4only summarizeshegistof built-in and
add-onbulk typesin termsof their elementaryandadvanceddemands.

In section3 we pointout someof themoreseverelimitationsof thebuilt-in approachhatprovide astrongincen-
tive to look for systematiadd-onapproacheso bulk type definitionand manipulationin opendatabasapplication
systems.To illustrate this, section4.1 sketcheshow typical built-in bulk typescanbe capturedasanadd-onsin a
state-of-the-amprogrammingdanguage.

Finally, section5 outlinesour currentwork in the Tycoonervironmentthataimsatdefininguniformly andimple-
mentingsystematicallydeclaratve iterationabstractiongpplicableto a wide variety of bulk structures.Specifically
we explain how the conceptf dataindependencandqueryoptimizationcanbe generalizedo liberally extensible
systems.We alsoidentify specificlanguagemechanismsequiredfor the efficient and robust constructionof such
openandextensibledatabasapplicationsystems.

2 Experiencewith Built-In Bulk Types

Looking backon severalgenerationef modelsandsystemdor bulk datamanagementnerealizeshateachof them
wasdesignedndimplementedargetingaratheruniformusercommunitywith very similarfunctionalandoperational
requirementsBasedon a thoroughunderstandingf the applicationdomain(e.g. standardbankingapplications) a
highinvestmentn specificthoughgenericbuilt-in structurege.g.polymorphicrelationtypes)wasjustified.

We first studythe substantiapay-of of sucha languagdanvestmentasexemplifiedby DBPL, a type-complete
databas@rogramminganguageproviding generalizedkeyed) setsashbuilt-in bulk types. Specifically we focuson
the finer pointsof DBPL to clarify generalsubtletiesarisingin bulk type definitionanduse. We alsorelate DBPL
designdecisiondo approachefoundin otherlanguagesindsystems.

In section2.3, we arguefor the necessityto equipbulk typeswith appropriatenigh-level abstractionso achieve
“declaratve” bulk dataaccessand generalizecconstraintmaintenanceavithout impairing their operationalqualities
(efficient,concurrentrecoverableaccess).

We concludethe discussiorof built-in bulk typesby summarizingequirementsor bulk typesfor data-intensie
applicationdn persistenervironmentysection2.4).

2.1 Bulk TypesasParameterizedType Operators

DBPL providesabuilt-in parameterizecelationtypeconstructothatis parameterizedotonly by therelationelement
typebut also by an (optional) orderedlist of key componentswhich have to be selectordfor valuesof the relation
elementype:

rel ati on <key-components of <element-type

Herearesomeexamplesof simpleandnon-standardelationtype declarationsn DBPL:

1TYCOON: TypedComputationaDbjectsin OpenEnvironments



type
Personsr el at i on nameof r ecor d name:Stringage:CARDIML end;
Employees=r el at i on persNumof record
persNum:CARDIML; salary:REAL;age:CARDINAL; partnersPersons
case status(PartTime, FullTime) of
PartTime: hoursPerMonthCARDINAL; | FullTime: emplg/edSinceXYear;
end
end;
PersNumsSet r el ati on of persNum;

A valueof arelationtypeis a homogeneousollectionof simplevalues(PersNumSégior aggreatevalues(Em-
ployee$ asspecifiedoy the relationelementtype. The numberof elementscalledthe cardinalityof the relation,is
unconstrained.

Thecardinalityof relationvariablescanvary dynamicallyi.e. all relationvariablesn DBPL programsaremuta-
ble values.Most built-in bulk types(like thoseof Pascal/RE or O, [Sch77 RC87,LRV88]) andadd-onbulk types
(collectionsdefinedn Smalltalk,Eiffel, Trellis/Owl or Modula-3[GR83 Mey88, SCB* 86, CDG'88]) definemutable
entities.Bulk typesin functionallanguagegMachiavelli, FQL, ADAPTBL or TRPL[OBBT89, Nik88, SSS905597)
definepurevaluesandthereforedo not offer destructve insertion,deletionor elementupdateoperationson variables
of bulk types(seealsoFig. 1).

Thechoiceof therelationelementtypein DBPL is unconstrained,e. therelationtype constructoiis truly data
typecompletdik e the morestandardarray sequencer list type operatorsRelationtypesareintegratedorthogonally
into DBPL in the sensethat they canbe utilized uniformly in (nested}type declarationsyariabledeclarationspa-
rameterpositions,moduledeclaration®tc. Furthermoreyaluesof relationtypesadhereto standarchaming,typing,
binding,scopingandpersistenceules.

A closerlook at DBPL reveals,howvever, somecomplicationsinherentin all bulk types(relations,maps,etc.)
thatareto provide associativeelementacces§ART91, SDDS86 SFL8J. In DBPL, the key of a relationdefinesa
list of componentsf therelationelementypethatuniquelydeterminegachrelationelementKey componenthave
to definetotal functionsover the domainof possiblerelationelements.Therefore they mustnot be component®of
variantsectionsof a variantrecordtype (e.g.,thefield hoursPerMontfs not a valid key componenfor Employees.
An empty key componentist is a synorym for an enumeratiorof all component®f the elementtype that are not
containedn avariantsectionof avariantrecord;in this casearelationis justa setof relationelementg PersNumSét

Whereaghe above restrictionsare direct consequencesf the semanticf keyed relations,the decisionin the
currentimplementatiorof DBPL notto allow key componentshatexceed4K in sizeor thatinvolve nestedelations—
whichwould requirea (possiblynestedyelationequalitytestfor every relationupdateoperation- is basecon “pure”
engineeringonsiderations.

2.2 Elementary Operationson Instancesof Bulk Types

A minimumsetof operationsequiredfor valuesof bulk typesarethe meango defineanemptybulk structure(lempty
se), to combinetwo bulk structuref the sametype (setunion) andto accessndividual elementf a bulk structure
(choose for amorerigorousdiscussiorof theseissuessee[SS9] and[Wad9(). The following subsectionpresent
alternatve approacheto thesetasks.

2.2.1 Generationof Bulk Values

A bulk type hasat leastto have functionsto yield “empty” (nil) bulk valuesfor a given elementtype andthatadd
asingleelemento abulk structure(cong. Many programminganddatabaséanguageprovide syntacticsupportto
denoteconciselyvaluesof bulk typesby an enumeratiorof their elementsasdemonstratethy the following DBPL
example:

persons:Person§}; persons:Personpersonl,person2

Thetype nameprecedinghe curly bracletsis requiredin DBPL to determinehekey constrainton the constructed
relationvalue.



2.2.2 Operationson Bulk Values

In anorthogonalanguagdramenork thereshouldbe no needto definespecialmechanisms$o name bind, scopeor
parameterizealuesof bulk typessincetheseshouldbe “inherited” from the basictypesor otheraggreyatetypeslike
recordsor tuples.In particular the semanticof assignmentgparametepassingnechanismandequalitypredicates
(monomorphicor polymorphicala ML) requireparticularattentionfrom the languagedesignerandthe application
programmer The following example should give an idea of the variety of possiblesemanticsfor setand record
assignmenandsetequalityin differentsystemsandlanguages:

personl:=Persof”Peter”, 35}; person2:=Persof Peter”, 35}; person3:personi,;
persons:Persongperson};

i f persons= Person§person2 t hen “deepequality”

el si f persons= Person§person3 t hen“shallon equality”

el si f persons= persong hen “identity”

el se “???"end;

DBPL, Pascal/RLDL andMachiavelli have built-in deepequalitysemanticswherea<),, for example,utilizes
shallav equality for setsof objects. Languageswith add-onbulk datatypes(like PS-algol,Napier88, Eiffel or
Smalltalk)rely heavily onreferencesemanticg{L-valuebindings[AM88], objectidentity [KC86]). Implementations
of collectionsof compositeobjectsin theselanguagedypically storereferencego collection elementsand often
provide ashallonv equalitytestin additionto thebuilt-in identity test. Becaus®f this sharinganupdateto acollection
elementjike

personl.age:36;

in thesesystemsimultaneoushaffectsthevalueof collectionvariableqe.g.,personyreferencinghis object.

DBPL —asanextensionof Modula-2— providesstrict copy semanticgor assignmentsjalueparametergelation
equalityandrelationconstruction Sincethereis no notionof objectidentityin DBPL, it maybenecessarfor database
programmergo “implement” objectidentifiersby explicitly managediniquekeys. On the otherhand(asarguedat
lengthin [MOS91, SM91]) copy semanticgive the databaseiserfine control over the locality of anddependencies
betweerdataobjectsin logically partitioned(distributed,heterogeneousutonomouspbjectstoreervironments.

Thenatureof bulk typesusuallycallsfor incrementalpdateoperationsn additionto the plain bulk assignment.
Herearesomeexamplesof suchrelationupdateoperationgassignmentnsertion,deletionandupdate)n DBPL:

persons:=oldPersons;
persons:iewPersons;
persons:-eldPersons;
persons:&ipdatedPersons;

Theseoperationn relationvaluesaredefinedsuchthatthe key integrity constaint (no duplicatekeys) is maintained
dynamicallyat run-time. For example,the above insertionoperation(:+) will ignoreall elementsn newvPersons
with key valuesthatarealreadypresenin personSefThe standardunction RESTRICTED()allows the programmer
to detectsuchconstraintviolations(a posteriori). This deterministichehaiour of the updateoperatorss in strong

contrasto thenon-deterministicsemantic®f therelationunionoperationin DBPL:

persons:Person§Persof’Peter”, 35}, Persof”Peter”, 36} }

DBPL doesnot specify which of the two tupleswith conflicting key valuesis chosento becomethe memberof

persons Without goinginto details,this non-determinisnalsoextendsto DBPL' s set-orientedjueryexpressionand
to its recursve fixed-pointqueriesandwasfoundto be essentiafor effective queryoptimizationwithout pertubating
thecomprehensibilityof DBPL programgSM91, ERMS91.

To our understandingthe definition of useful bulk types(maps,relations,bags,arraysetc.) hasto include
the possibility to attachdynamicintegrity constaints on instanceof bulk types,e.g. the supportfor (associatie)
identificationof collectionelements.Otherexamplesfor suchintegrity constraintsare subsetelationshipsetween
theextentof asubclasandits superclass(esjeferentialintegrity constraintscardinalityconstraintsetc.

Someof the subtletiesandpragmaticconsiderationsf DBPL (andothersystemsparerelatedto the handlingof
possibleconstraintviolations. Thereforebulk typesareintimatelyrelatedto otherlanguageanechanismgtransactions,
exceptionstriggers,evaluationstratgies,side-efects)thatatfirst glanceseento be orthogonato bulk type design.



2.2.3 ElementSelection

Therearethreemainapproacheto accessingndividual elementsn a bulk value:

Cursors provide a meansto selectindividual elementsrom a bulk structureaccordingto a fixed (perhapsunde-
fined)orderingon thecollectionelementsCursorscanbe definedasexplicitly managedlatastructuresor they
canbe manipulatedmplicitly (via side-efects)asit is donevia traditionalinterfacesbetweendatabaseand
programmingdanguages.

A conceptuallyratherdifferentapproacho navigationthroughhomogeneoubulk valuesis takenin functional
languagesfor example,the functionscarand cdr (headand tail or chooseand restetc.) allow the accesdo
individualcollectionelement@aswell asthebook-keepingof theprogres®f theiteration[SS9]. Thefollowing
exampleillustrateshow to skip overthefirst n elementof astreanin afunctionalframework. Theheadelement
of a streamcorrespond$o thevalueat a cursorpositionwhile thebindingto thetail streamprovidestheability
to “move” thecursor

| et rec skip(s:Streamm:Int):Strean=
ifn<=0thens
el si f emptyStream(d)hen s
el se skip(tail(s)n-1)
end

DBPL provides—in additionto iteratorsandhigh-level queryexpressions- low-level navigationaloperation®n
relationvalues(for detailssee[SEM88])). Thefollowing DBPL codefragmentillustratesa programminggitua-
tion thatrequiresanexplicit navigationover bulk datastructuresThe displayandgetChoicaoutineembedded
in awhi | e-loopallow auserto interactively scroll forwardandbackwardthroughtherelationpersons

LOWEST (persongp); choice:=forward;

whi | e not EOR()and not (choice= quit) do
display(p);choice:=getChoice();
i f choice=forwardt hen NEXT(personsp)
el si f choice= backvwardt hen PRIOR(persong)
end

end

Iterators abstracfrom thedetailsof the elementselectionprocessProceduralanguagesike DBPL, SETL, Galileo
or CO, areequippedwith loop constructdo executea statemen{sequencefor all elementof a collectionin
turn:

for each pin personsp.age> 30do p.age:=p.age+ 1 end

Higherorderfunctionslike set-reducer map[SS9] provide anotherform of iterationabstractiorin a func-
tional framework:

| et incrementAge= f un (p:Person):Persanupl e p.namep.age+ 1 end
| et newPersons map(personsicrementAge)

It shouldbe notedthat cursorsoffer morecomplex elementselectionpatternshaniteratorswhich only enable
a staticnestingof iterations. Interacte scrolling througha relationor lineartime meging of sortedlists are
typical applicationexamplesthat call for cursorsor general-purposé&continuations”[SNR9Q. However, for

mostprogrammingasks,suchexplicit controlis not required,anditerators,an algebraor a calculusareto be
preferred.The expressve power of variousiteratorsis discussedior example,in [HS89 SS91].

Associative Element Selectors provide anelegantsolutionfor programmingasksthatrequirevalue-basedccesso
anindividual collectionelement.As anexample,thefollowing DBPL statemenincrementshe ageof "Peter”
in the setof persons:



wi t h persons[’Peter"flo age:=age+ 1 end

In languagesvithout sucha facility onecannotadequatelyxploit the key uniqguenessonstrainindonehasto
resortto standardulk iterationconstructs:

for eachpin personsp.name="Peter’do p.age:=p.aget+ 1 end

Associatve setandelementselectionis alsoabasisfor logic- andconstraint-basegrogrammindanguagesike
LDL [NT89] or Life [AKN89]):

person(Namehge), Age>60.
person("Peter"PetersAge).

It shouldbeemphasizethatin the above discussioron mutability, copy vs. referencesemanticsthe handlingof
constraintviolationsor basiciterationfacilities, we do not arguein favour of a specificsolution. Onthe contrary we
aremoreinterestedn identifying the dimensionf the availabledesignspacefor bulk type definition sincea better
understandingf this spaceseemso be a prerequisitdo devising languagenechanismsupportinga wide rangeof
(possiblyuserdefined)bulk typesanditerationfacilities.

2.3 Declarativity and Bulk Types

DBPL provides namedand parameterizeéccessexpressionsas typed first-classlanguageconstructs. (Recursie)
databas@ueriespulk iteration,viewing mechanismandconstrainimnanagemertgantherebybe successfullyistilled
to asingle,“declaratve” iterationabstractiothatcanfurthermorebeintegratedratherwell into acompiledprocedural
programmingervironment.

In additionto the element-orientedperationsketchedn the previoussection DBPL providesdeclaratve query
expressionsover valuesof bulk types. Thereare threekinds of query expressionshamelybooleanexpressions,
selectve andconstructve expressions.

Quantified Expressionsyield aboolearresultandmaybe nested:
sone ei n emplo/ees(e.status= PartTime)
al | ei n emplgees(e.statuss PartTime)
al | ei n emplgeessone pi n e.partnergp.name="Peter”)
Selectve AccessExpressionsarerulesfor theselectionof relationelements.
each ei n emplgees(e.statuss PartTime)
denotesll elements of therelationvariableemplorees(of type Emplayees thatfulfil the selectionpredicate
(e.status= PartTime). A selectve acces®xpressionwithin arelationconstructoidenoteghe subrelatiorof all
selecteduples:
Employeedeach ei n emplgees(e.statuss PartTime)}
Anothercontext for selectve acces&xpressiongreiterators(element-at-a-timprocessing):

for each ei n emplgees(e.status PartTime)do e.hoursPerMonth:20end

Finally, selectve accessexpressionsan be namedand parameterizedsee[MS89]), a processconceptually
similarto view definitionsin relationalDBMS:

sel ect or casuabn (emp:Emplgees).Employees;
begi n each ei n emp(e.statuss PartTime) end casual;



Selectordiffer from relation-\aluedfunctionsin thatthey allow updateson the selectedsubrelations. DBPL
emphasizethis analogyto arrayselectorsy thefollowing syntax:

emploees[casual]:-Employeeqpete

The semanticof suchselectedoulk updatesarediscussedn [SM91]. In this particularexample,the selector
casuaknforcegheconstrainthatonly parttime employeescanbeinsertednto therelationemplo/ees

Constructive AccessExpressionsarerulesfor the constructiorof relationelements:

Pair{e.agep.agég of
each ei n emplg/eeseach pi n e.partners:
(e.status= PartTime)and (p.age> 22)

wherePairis thetyper ecor d ageEmpageRrtner:CARDINAL end.

Again, constructve accesgxpressionganbenamedandparameterizedkecursie constructodefinitionshave

fixedpointsemanticsimilarto stratifieddatalogprogramgERMS97]. Theuseof aconstructve accesxpres-
sionin arelationconstructorcreatesa relationthatcontaingthe valuesof all tuplesdenotedy the construction
rule.

2.4 The Gist of Bulk Types

The numerousrequirementdor bulk types(see,e.g., [ABW 190, ART91]) can be classifiedinto elementaryand
advancedequirementsvhich we will summarizebelown. This discussionis valid for both, built-in aswell asadd-on
bulk types,and,therefore alsoestablishea framewnork for section4 wherewe investigateervironmentsthatenable
theirusergo add-onbulk typesmeetingtheseelementanandadwancedrequirements.

As afirst cut, the distinctionbetweenran elementaryandan advancedrequirementanbe basedon the kind of
technologythatis requiredto provide a particularbulk typesupport(seeFig. 1). Elementaryrequirementsisuallycan
be met by local modificationsto languageprocessorgcompilers,abstractmachinesyun-timesupportlibraries) es-
sentiallybasedn programminglanguage technology On the otherhand,moreadwancedequirementgasmentioned
alreadyin section?), for exampleeffective queryoptimizationor stratificationanalysisof fixed-pointqueriesjnvolve
global analysisandmodificationsasprovidedby advanceddatabaseechnology

2.4.1 Elementary Requirements

Thebasicoperationoutlinedin section2.2form abasisfor bulk type definition. In orderto facilitatethedefinitionof
new, type-safebulk structuresalanguagehasto supportat leastparametricpolymorphismandtypeabstiactionover
genericdatastructuresin moststandargrogrammingdanguagesthe definitionof bulk typesalsorequireshe useof
higherorder functions e.g. to definea specializednonomorphiequalitypredicateat bulk structurecreationtime to
be usedfor subsequerdssociatie elementretrieval.

Sincenoneof the classicalprogramminganguagegC, Pascal,Modula-2,Cobol, Fortran,PL/l) satisfiesthese
elementaryequirementsdatabaserogramminglanguagesierived from theselanguagegPascal/R[Sch77, Plain
[WSK81], Modula-R[KMP183], DBPL [MS89], E [RC87], CO, [LRV88] etc.) hadto beequippedwith built-in bulk
datatypes,i.e. all polymorphiccodeandall higherorderfunctionsarehard-wiredinto the compilerandtherun-time
support.

Ontheotherhand,modernprogrammindanguagetike ML, Eiffel, Napier88, TRPL or Trellis/Owl [SCB* 86,
have type systemghat may be sufiiciently genericto allow programmerdo definetheir own bulk datatypes(lists,
trees,bags,sets,relationsor multi-dimensionalsearchstructures)¥rom scratch. In fact, muchwork is devotedto
the constructiorof re-usablegenericlibrary codefor suchbulk typesthatcanbe laterinstantiatedwvith specifictype
parameterandaccessnechanismgMey9d].

Despitethis progressowardsadd-onbulk typesthereis neverthelessnuchinterestin typequarks[ART91], i.e.
specializeduilt-in building blocksto be usedin the constructiorof fully-fledgeduserdefinedbulk types. Thisinter
estin the DBPL researcltommunityis motivatedby additionalopemtional demandsrisingin typical data-intensie
applicationghat may not be adequatelsupportedy the languageprimitivesavailablein the abore-mentionedan-
guages.



Support/ Language: | DBPL Maps Machiaelli 02 LDL
elementary

typecompleteness V4 Vv Vv V4 —
subtyping — — Vv Vv -
ordering — Vv - V4 -
sharing — Vv - Vv -
updatein place Vv Vv — Vv —
persistence V4 Vv — v Y
acces®ptimization Vv Vv — Vv Vv
advanced

key constraints V4 Vv — v Y
first-orderpredicates Vv — — Vv Vv
generakonstraints — — - Vv Vv
updatableviews Vv — — - —
fixed-pointqueries Vv — — - Vv
queryoptimization Vv v — Vv Vv
concurrenticcess 4 - - 4 -
recosery Vv Vv — Vv —

Figurel: Exampleof Languagesvith Built-In Bulk Types

For example,built-in specializedndex structuregmapg [ART91] are capableof capturingthe essencef as-
sociatize accesso bulk data. By equippingthe abstracimachineof persistentanguagedik e PS-algol,Napier88 or
Amber[Car8g with mapoperationshighly optimizedstorage structuies buffering stratgies,clusteringpoliciesand
garbagecollectionmechanismg&anbe employed in the run-time system,exploiting the regularity and size of map
structures.

2.4.2 AdvancedRequirements

Looking at the historic developmentof relational databasg@rogramminglanguagegfrom Pascal/R,Plain, RAPR
Modula/Rto the currentdefinitionof DBPL), onecanperceve atrendtowardsincreasedbuilt-in languagesupportfor
adwancedequirementsf data-intensie applications.

In additionto elementaryaccesprimitives(get,insert,delete updateandscan)for bulk structuresmary DBPLs
recognizethe needto provide iteration abstactionslike iterators[LG86], query expressiondBCD89], setopera-
tors [Mer84] or datadeductionmechanismén rule-orientedsystemgdNT89, ERMS91. Therationalebehindsuch
declamative accesspecificationss to provide conciseandoptimizablenotationsfor complex dataselectionanddata
constructiontasks. For example,setcompehension$Bun90, Wad9Q ART91] nicely generalizerelationalcalculus
guerieshy exploiting the expressie power of computationall)completeoptimisabldanguage#n afunctionalframe-
work.

As exemplifiedby selectorsand constructorsn DBPL (seeSec.2.3), iterationabstractiordoesnot needto be
limited to set-orientedbulk readaccessput canbe uniformly generalizedo bulk updates constaint definitionand
(recursve)dataderivation[ERMS91].

Queryoptimizationasfoundin traditionalDBMSsandsomedatabas@rogrammindanguagesimsatexploiting
the algebraicpropertiesof high-level accessabstractionso (dynamically)choosecost-efective implementationgor
theseabstractionsminimizing executiontime, storagerequirement®r network traffic. Queryoptimizationhasto be
regardedas a prerequisitdfor successfulteration abstractionin data-intensie applications:without effective opti-
mizations programmergall backto procedurakolutionsin orderto attaintheefficiency requiredin standardlatabase



applications.

Finally, it shouldbe notedthat the useof bulk typesin shared multi-userervironmentsalso calls for highly
concurentaccessandoptimizedrecorery medanismso be implementedor variablesof thesebulk types. Again,
databaseystemsandrelationalDBMS exploit the “declaratvity” of accessabstractionandhard-wiredknowledge
aboutthe representatiostructuresfor thesepurposes.(e.g.,see[SM9]] for a discussiorof the supportfor these
adwancedoperationalequirementsn the DBPL system).

3 Limitations of the Built-In Bulk Type Approach

Thereexist severaloperationatlatabaséanguageémplementationshatprovide built-in linguistic andsystemsupport
for variouskinds of bulk types. However, thereare two main cateyoriesof agumentsagainstthe way bulk types
are supported:pragmaticargumentsagainstlimitations of extensibilityand conceptuabrgumentsagainsta lack of

methodolgyin the constructiorof the supportsystemdor bulk type extensions.

In illustratingtheseargumentour DBPL experiencesupportghatgainedby otherwell-engineeredystemglike
0., Ingres,Oracle,lris, Orion, Postgresl.DL) which alsoaddresadvanceddatabaséssueglike queryoptimization,
concurreng control, recovery andclient-sener architectures)n additionto database@rogramminganguagedssues
(liketyping, scoping binding,iteration).

Theconsequencexf built-in bulk canonly befully understoodby consideringhetypicalimplementatiorstratgy
for adatabas@rogrammindanguagesayDB-X. Thecompiler(interpreterfor DB-X stronglyresembles.compiler
(interpreter¥or atraditionalprogrammindanguageX, extendedby scoping bindingandtype compatibility rulesfor
built-in bulk typeconstructorandtheir built-in operationge.g.selectionnpaturaljoin). To meetdatabasesquirements
(persistencenanagemengcces®ptimization,concurrenyg control),the codegeneratiompphasemapscompositeDB-
X constructssystematicallyto lower-level constructgabstractmachineinstructions,calls to supportroutines)that
provide therequiredDBMS functionality.

-
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Closed DBPL Application Environment

DBPL Compiler: Modula-2 compiler extended by parsing,
typing, scoping and code generation rules for bulk types

DBPLRTS: predicative constraints on bulk structures

PSMS: (recursively defined) views on bulk structures

CTMS: concurrency control on bulk structures

CPMSTrans: dynamic CPMSEval:
query optimization query evaluation

CRDS: bulk type implementation (complex objects)
index management, recovery and concurrency control

COMS: (asynchronous) inter-process communication

LMS: multi-level and multi-granularity locking

Public: exception handling, storage management

Figure2: Built-in systemsupportfor relationalbulk typesin the DBPLsystem

As a specificexampleof this approachFig. 2 shavs the layersof the DBPL run-timesupport.Notethat DBPL
usersonly accessa tiny fraction of the functionality presentin the run-time support,namely the topmost(over-
abstractednd pre-packagedinterfaceof the DBPL system(below the boundingbox in Fig. 2). In fact, eventhat
functionalityis hiddenfrom the usersinceall callsto (polymorphic)run-timefunctionsareautomaticallygenerated
by theDBPL compiler guaranteeintype safetyandenforcingconcurreng controlandstoragananagemergrotocols



Components of the DBPL Run-Time System System Size in Lines of Code
(Percentage of Code Size) 40000

4.5% Public 7 504 DBPLRTS
7,7% LMS

0,7% COMS

30000 —— —

17,3% PSMS

10,2% SMS,
20000 1 1 -

6,4% CTMS 10000 | | ||

0 L—
14,0% CPMS Run-Time System Compiler Code Generator &
Optimizer

31,8% CRDS

| ] Sun Modula-2[] DBPL

Figure3: Therelative compleity of bulk typeimplementatiorin DBPL

requiredin apersistenmulti-userervironment.Fig. 3 givesanideaof the compleity of thevarioustasksinvolvedin
theimplementatiorof bulk datatypesin theDBPL system.A comparisorwith the (optimizing) SunModula-2system
thatprovidesthebasisfor the DBPL systenrevealsa significantincreasen sizeof therun-timesystem.

Thebuilt-in approacktanbecharacterizety thefollowing assumptions:

¢ All languageémplementatiordetailsare hiddenfrom the applicationprogrammexHow is a bulk type imple-
mentedHow is aqueryrepresentedransformedindevaluated™ow is serialisabilityachiezed?)

e The efficient implementationof the databasdanguagedependscrucially on detailedlanguagedesigntime
knowledgeaboutpermissibldanguageconstructs:Which (bulk) typesexist? Whatis the syntaxof the query
(sub-)language®hat arethe algebraicpropertiesof the built-in languageprimitiveslike equality predicates,
comparisoroperationsaggreyatefunctions?

¢ Significantoptimizationsarebasedn a carefulcase-analysiwithin theavailablelanguagespace Examplesare
optimizationsfor specialcasedike flat relations,unorderectollections read-onlytransaction®r onevariable
selectiomueries.

Someof theseassumptionsirein conflict with the programminganguageprinciplesof orthogonalityandfree
extensibility. Accordingly, muchwork in the databaseommunityaimsat extendingdatabasdednolagy to support,

e.g.
e new aggrayatefunctionsin queries,
e new operationsvithin queriege.g.testfor intersectiorof geometricobjects),
¢ new bulk structurege.g.orderedsequences),
e new operationsn thetarmetlist of queryexpressions,
e new storagestructures,
e new join algorithms etc.

Despite progressmadewith extensibledatabasesystems(for a recentsurwey see[Sto9(), none of today’s
databas@rogrammindanguagemplementationprovidesadequatsupportfor theabove extensions.

Take for examplean extensionof DBPL by orderedlists. Although this could be achieved by ratherlimited
local changedo an existing databas@rogramminganguagemplementationthis canhardly be doneby “ordinary”
applicationprogrammersThe first problemis the lack of polymorphism.lt is thereforenecessaryo write different
codefor lists of personsemployees,integers,etc. (instead the type variable Valuein the following codefragment
shouldbeuniversallyquantified):



const nil=0

type
Value= ... (* elementype,e.g.String*)
ID = CARDINAL,;

ltem=r ecord id: ID; val: Value;next:ID end
Items=r el ati onid of ltem;
List =r ecor d items:ltems;head nextindex: ID end

procedur e nev(var list: List); begi n list:= List{{}, nil, nil} end new;

pr ocedur e cons(al: Value;var list: List);

begin
wi t h list do INC(nextindex); items:+ltem{ nextindex, val, head; head:=nextindex
end

end cons;

Obviously, relationsdo not provide the “right” abstractionlevel at which to build list structuressincethe above
exampleexploits relationsmerelyasa typedhomogeneoustoreindexedby integer“addresses”Similarly, relational
calculusexpressiongrenotasuitablebasisto solvelist processingasks(e.g.to selectasublistof all valuessatisfying
aboolearpredicate).

It shouldbenotedthatthisinadequag is nota deficieny of DBPL. It canbealsofoundin polymorphicdatabase
languagedike Machiavelli or Galileo andall commerciallyavailable relationaldatabasesystems sincetheir bulk
expressionslo notscaleup to userdefinedbulk structuresProviding lists asbuilt-in bulk structuregasdonein E, O,
andotherobject-orientediatabasegjoesnotovercomehegeneralack of extensiblilty, e.g.,it maystill beimpossible
to defineadequatelynultisetsor to represengeographidata(planesjine sggmentsetc.).

The price for the high level of abstractionand safetyin DBPL programsis the inability to re-use,override,
reconfigureor adaptthe DBPL systemcodefor purposestherthanthoseforeseemt languagedesigntime. For
example,the implementatiorof list structuresshouldbe performedpreferablyat the abstractionevel of the layer
CRDS (seeFig. 2) within the DBPL system utilizing tuple-identifiersand tuples as provided by the layer SMS,
inheriting SMS’s concurreng andrecosery mechanismsvithout change Limited modificationsof the genericquery
evaluationand optimizationlayer CPMSwould suffice to generalizeaccessxpressiondo orderedbulk types. No
modificationsat all seemto be requiredto have in additionoptimizedfixed-pointqueriesover lists by re-usingthe
layerPSMS.

To summarizethe above problemswith extensionsstemfrom the factthattraditionally built-in bulk typesand
gueryabstractionsre only intendedto directly supportvery specificmodellingrequirementsandthereforeare not
designedo beusedin theimplementatiorof othergenericdatastructures.

In our experiencehe mainargumentsagainsthe traditionalbuilt-in approactto bulk typescanbe summarized
asfollows:

Reusability: It is difficult (oftenimpossible)to safelyre-useexisting systemcomponent®f the built-in systemen-
vironment(buffer managerpolymorphicindex structureswait-for-graphmanagement;lusteringalgorithms
etc.).

Scalability: It is typically not possibleto eliminateunnecessarfunctionality from the built-in systemenvironment
(concurreng controlor recovery actions componentgor recursive queryevaluation).

Adaptability: Evenif onehasaccesdo the implementation®f the built-in bulk structuresmodificationsof these
componentge.g. replacingB-Treeindex structuresby hashedstructuresor replacinga garbagecollection
algorithm)have to be performedn a“lowerlevel” programmindanguagewith obviousnegative consequences
ontheoverallsystemcorrectnesandlong-termsystemevolution.

The apparentesistancef currentDBPL systemmplementationagainstDBPL language extensionggivesrise
to thefollowing importantresearclguestion.Canoneisolate“generic” languageconstructghataid in the systematic
constructiorof flexible DBPL processorandmeetmorethanjust a limited setof structuresandalgorithmsforeseen
atlanguagealesigrtime? Thesecondpartof this paperaddressetherelationshipbetweerDBPL languagendsystem
extensibility.



4 From Built-In To Add-On Bulk Types

In thefollowing subsectionsve illustratehow well-understoodbulk structuregsetsandrelations)canbe providedas
add-onswithoutimpairingtheir linguistic quality (syntax),expressvenesgsemanticspr optimizability.

As a concretenotationto presentthe add-onapproachwe utilize Quest[Car89, a functional languagewith
imperative features strict evaluationstrateies, explicit type quantificationand subtypingrulesinductively defined
over all type constructions Although Questlacksimportantoperationafeaturesequiredin databas@rogramming,
e.g. persistencananagementvith incrementaloading stratgies, primitivesfor concurreng control and recovery;,
Questturnsout to be a promisingplatformto investigatethe relationshipbetweenanguageandsystemextensibility
for bulk typessinceit incorporatesdvancedabstractiormechanismsequiredin bulk typedefinitionandusage.

Themainpurposeof this sectionis to introducesomeof themoreadvancedanguagesonceptghatplay acentral
rolein extensibldanguageandto corvincethereadethatmary implementatiorandoptimizationstrategiesemployed
for built-in bulk structurecanbecarriedforwardto add-onsolutions.Importantissuef extensibility andreusability
aredeferreduntil section5.

A discussiorof the fundamentalanguage mehanisms(typing, binding, scoping,polymorphism higherorder
functions,type operatorstype inference)employedin the programmingexamplescanbe foundin [Car89. A more
detailedstudyof thesdanguagenechanism the contet of databas@pplicationsystemss presentedn [MS91].

4.1 Add-On Relation Types

The following examplespresentan applicationprogrammess view of (add-on)relationtypesand simplerelational
operationsn Quest:

Let Persor= Tupl e name:String age:Int end

Let Student= Tupl e name:String age,semesterint end

| et sameNamépl,p2:Person)Bool = pl.name==p2.name
| et persons set.nav(:PersorsameName)

| et students= set.nev(:StudensameName)

Thefirst two linesintroducename-typebindings,definingthetypesPersorand Studenastupletypes;thethird
line definesthe function sameNaméhattestswhethertwo tuplesof type Persorhave the samevaluein their name
attribute. This functionis thenusedto definethe key constrainffor two newly createdrelationvariablespersonsand
studentsvith elementof type Persorand Studentrespectiely. Sincerelationsareunderstoodiskeyedsets(like in
DBPL), all operationson relationsareimportedfrom a module setandthe dot-notationis usedto nameindividual
operationgrom this module.Herearesomeexamplesor furthersetoperations:

set.insert(persortsupl e | et name="Peter’| et age=32end)
i f set.member(studentsipl e "Peter’235end) t hen ...end

The Questtype checler enforceghe obvious constraintn valuesof relationtypes: Only valuesof subtypef
Persorcanbeinsertedinto arelationof Personselementf a Personselationhave type Personkey definitionsfor
relationsof Persos haveto involve Persoriuples;etc. SinceQuestdoesnot have built-in “knowledge”aboutrelation
types,therehasto be a way to add-onsuchtype constraintsn a systematiavay. For the modulesetthe necessary
informationis definedby theinterfacedefinition Setthatis discussedbelow.

The operationseempty getand restconstitutebasicmechanismso accessndividual elementf a set,oneafter
the other For a non-emptyset, the operationget choosesan arbitrary elementof the setwhile restyields the set
withouttheelementeturnedoy get

i f not(set.empty(persong)hen

| et aPersorr set.get(persons)

| et otherPersons set.rest(persons)
end

A moreinterestingaskis to capturebulk operationsn setsandrelations:



set.forEach(studentain(s:Student)
print("Name=" <> s.name<> " Age=" conv.int(s.agex> "\ n”))

| et oldStudents():Studentsset.select(studentsin(s:Studenty.age>28)

set.join( et select(s:Studemt:Person¥ t upl e p.names.semesteznd
| et froml=students
| et from2=persons
| et where(s:Studemi:Person¥F s.name== p.name)

set.forEach(studenfaun(s:Student)
set.forEach(persorisun(p:Person)
i f s.name==p.name hen print(p.name<>" " <> s.namegnd))

set.some(oldStudentd(un(s:Studentfs.semester5} A {s.name="Peter})

| et maxSemester set.reduce(oldStudentdf) un(s:Studenty.semestérint. max)

The above programmingexamplesshowv an iteration over the relation studentsthe definition of a view old-
Studentsthe join betweentwo relations,a nestedterationloop, the applicationof an existentialquantifierandthe
computatiorof anaggrejatefunction(highestsemesteof all old students Notethatthe scopingrulesfor thebound
variablessandp supporta programmingstylethatis very closeto built-in iterationconstructs.

It goesbeyondthe scopeof this paperto demonstrat¢hatthe Questimplementationsf thesebulk types(under
lying the modulesej could be basedon B-trees hashtables bit setsor a combinationof thesedatastructuresvhich
couldbeevenredefineddynamicallyvia aspecial‘DBA” interface.

Ontheotherhand thefollowing interfaceSetof the modulesetcontainsall theinformationrequiredby the Quest
compilerto checkthe syntaxandtyperulesfor add-onsettypes.

i nterface Set

export
T :ALL(E::TYPE)TYPE
new(E ::TYPEequal(:E:E):Bool) :T(E)
member(E:TYPE set:T(E) elementE) :Bool
insert(E::TYPE set:T(E) elementE) :Ok

empty(E::TYPE set:T(E)) :Bool
get(E::TYPEset:T(E)) :E
rest(E::TYPEset:T(E)) :T(E)

forEach(E:TYPE set:T(E) stmt(:E):Ok):Ok
select(E:TYPE set:T(E) pred(:E):Bool).T(E)
join(E1,E2,F:TYPE select(:ELE2):F
from1:T(E1)from2:T(E2) where(:ELE2):Bool):T(F)
some(E:TYPEset:T(E) pred(:E):Bool).Bool
end;

Thefirst declarationin this interfacedefinesan abstractype constructorT (identifiedas set. Tfrom outsideof
thisinterface)thatcanbeinstantiatedvith anarbitrarytype E of kind TYPE. For example a set. T(Studeni thetype
of asetof studentswhile set. T(Persorjenoteghetypeof asetof personsSet.nev is theonly functionsthatcreates
valuesof type set. T(E)from scratch. It takesa booleanequalityfunction equalbetweerpairsof elementsf type E
asa parameter This function definesthe primary key constraintthathasto be enforcedat run-timeby the relation
implementation.

Sinceall functionsof the interface Setwork uniformly over setsof any elementtype E, all thesepolymorphic
functionshave aformaltypeparametei (of kind TYPE). By usingthenameof atypeparametein thetypedefiniton
of morethanonearmgumentsof afunction(e.g. E ::TYPE set:T(E) elementE for inser}, one canexpresscorrectly
the constraintthat only valuesof type E canbeinsertedinto a setof type set. T(E) Similar constraintshold for the
functionsmember getandrest Finally, the signature®f the function forEachdemonstratehow to definefunctions
thatcorrespondo compositestatement¢e.g.f or each ... do) in traditionalprogrammindanguages.



It shouldbenotedthattheimplementatiorof bulk typesandhigh-level queryabstractiongn theadd-onapproach
is performedn thesamdanguagethatis alsousedfor databaseapplicationprogrammingThis distinguishesheadd-
on approacHrom extensibledatabaseystemglike EXODUS, Genesis Starlurstor Iris; for a suney see[Sto9Q)
that have to resortto lowerlevel languagedike C or C++ to implementnew datastructures.In particular the im-
plementatiorof add-onbulk typeshasto respectll typing rulesandlanguageconstraintghat pertainto application
programs.Theuniformity of systemandapplicationprogrammings essentiafor the smooth“f actoring-out”of code
from applicationprogramsnto the applicationervironmentin caseits functionalityis foundusefulfor abroademuser
community Vice versait is oftennecessaryo import genericcodefrom the environmentandto specializeor extend
it accordingto application-specificequirements Finally, dueto this uniformity thereis no needto define(ad hoc)
interfacerulesbetweerinternalandexternaldatarepresentationsr internalandexternalcontrolstructures.

4.2 Classifying General Data Structures

Beingawareof thestructuralandoperationatichnesof state-of-the-agprogrammindanguageechnologyanimme-
diateobjectionto theadd-onbulk typeapproaclis theapparenthreatof notbeingableto copewith theimplied system
add-ongequired,e.g.,for queryoptimization. As alreadymentionedn section3, optimizationsn databaseystems
malke heavy useof algebraioor structuralpeculiaritie(e.g.,commutatvity, associatiity, homogeneity“flatness”) of
thedatastructuresandoperatorfferedby theunderlyingdatamodel.

Therefore a promisingresearcldirectiontowardsgenericoptimizationsfor generalizedlatamodelsis to isolate
such“useful” propertiesof generalizedlatastructuresandoperationsandto identify partitionsin a generalizedulk
typeandoperatiorspacdor which systematiimplementatiorandoptimizationstratgjiescanbedevisedwhichexploit
thesespecificproperties.

Forexample thethreeoperationsempty getandrestin the Setinterface(onp. 13) seento captureacharacteristic
propertyof a large classof bulk structurespnamelythe ability to (sequentiallyenumeratéheir elementsIndeed,as
discussedn moredetailin the next section,it is possibleto definea rich declaratve querylanguagebasedon these
accesprimitives.

Otherresearcherareinvestigatingsimilar characterizationsf bulk datastructuresasedon algebraigroperties
of their inductively definedconstructoifunctions(Monads[Wad9(, RingadgTri91]). In a similar spirit, [ BTBN91]
shaws thatthe expressve power of the relationalalgebraand of a complec objectalgebrawith or without powerset
canalsobecharacterizethy the concepbf structumal recuisionon setsextendedoy very few programmindanguage
constructglik e tupling or conditionals).Early work on the systematianappingfrom recursvely defineddatastruc-
turesandtheir associatedperationglown to relationalstructuresandoperationgin the contet of Pascal/R)canbe
foundin [Lam84].

Formal software specificationtechniquesnay be anothersourcefor the characterizatiorof relevant subspaces
amenableto global optimizations. It is interestingto note that thereis ongoingwork to establishan integrated
frameawork incorporatingboth, aspect®of logic databasesswell asequationakpecification®f algebraicdatatypes
[Bee9l.

As outlinedin the next section thereis animportantdifferencebetweertheideaof (conceptualsublanguageis
theadd-onapproactandthetraditionalnotionof built-in bulk typeconstructorsvith their associateduerynotations.
This differenceresultsfrom thefactthatthereis no artificial syntacticor linguistic barrierbetweeroptimizablequery
notationsandnon-optimizablegenerapurposeprogrammingconstructsThereforethereis no needto revisethelan-
guagedefinition,thelanguagegprocessoor existing applicationprogramsvheneer advancesn databaséechnology
enablethe handlingor optimizationof moregeneraldatastructureor queryconstructs.

5 Uniform lteration Abstractions

This sectionrefinestheapproactoutlinedin section4.2 andcaptureshe commonalitieof alarge classof bulk types
by a small commonsetof accesgrimitives. We also demonstratdow a very expressie query languagecan be
systematicallyconstructedrom theseaccesgrimitives. Finally, we indicateour approactio methodicallyachieving
efficientimplementationgor this extendedclassof bulk structures.

In Tycoonwe seekto explorethe potentialof anapproactwhich startswith atype-safecorelanguagesupporting
only low-level structureqe.g. arraysor inductively defineddatatypes)andbasicmechanisms$o control mutability,
sharing,clusteringand persistencef thesestructures. Application programmersypically do not utilize this built-in



primitive functionality but make heary useof problem-orientedbulk types(sets,relations lists, priority queuesetc.)
andstandadizediterationabstractionsverthesebulk structureslreadyprovidedby theirprogrammingervironment.

To motivatethe potentialof suchstandardizederationabstractionst maybe helpfulto comparehe querythat,
for example selectghetop-tenmanagersiccordingo thesalesof all supplieran theircompaiy with theconceptually
similar querythatcomputeghe tendocumentsn a directorythatcontainthe mostmis-spelledvordsaccordingto a
givendictionaryof correctwords:

| et compaySales(c:Compan:Real=real.sumOf(SFW(
| et select(s:Supplier):Realturnover(s)
| et from = suppliers
| et where(s:Supplier):Boat worksFor(sc)))
| et topTenManagers selectFirst(10
sort(managersun(m:Manager):ReatompaySales(m.compa {real. >=}))

| et errorCount(t:ExtFile):Int = size(SFW(
| et select(s:Supplie s
| et from = text.wordsOf(t)
| et where(s:String):Boot not(member(spellDictionary))))
| et topTenFiles= selectFirst(10
sort(documentsrrorCount{int. >=}))

Without going into details, the remarkablesimilarity betweenthesetwo queriesis due to the availability of
“generic”declaratve queryconstructsFor example thebulk operationsadd,count,select. from.. where selectFirst,
memberandsortarehigherordergenericfunctions(definedin a Tycoonmodule seeAppendixA) thatareuniformly
applicablenot only to bulk typesof differentelementtypes(Stringsor Supplier3 but alsoto a wide rangeof bulk
types(Relationsor Dictionariey.

Someof the bulk typesutilized in theexamplesaresocommon(lik e text files, sequencesf words,orderedists,
setsandrelations)thatthey arealreadymadeavailablein the standardlycoonernvironment.New bulk structurecan
be eitherdefinedfrom scratch(i.e. by utilizing the primitive built-in Tycoontypeslike tuples,variants functionsand
fixed-sizedarrays),or theirimplementatiorcanbe basedn existing bulk typeslik e lists or hashedlictionaries.

Whereaghedefinitionof bulk typesanditerationabstractionss to beregardedhsaclassicabystemprogramming
task, applicationprogrammerdypically only needto instantiateor specializetheseservicesby appropriatetype-
specificinformation,e.g. to defineapplication-specifibulk variabledik e Suppliers ManagerspPocumentsandbulk
functionsor associationbetweerthemlik e turnover, worksFor or wordsOfanderrorCount

As shouldbe clearfrom the examplesabove, our main goalis to factorout repeatingprogramcontrol patterns
from specificapplicationsnto the languagesrvironment. The feasibility of this approachdependsrucially on the
ability to isolatehighly genericaccesabstractiongcaptureddy higherorderfunctions)thatcanbeapplieduniformly
evento highly specializedulk structues(representetly abstractypesor abstracparameterizetipe constructors).

5.1 An Elementary Bulk Type Interface

As explainedin section4.2, it is highly desirableo find commonalitiesharedoy all bulk structureghatcanprovide
the basisfor substantiakystemsupportrequiredin a databasescenario. The following type definition abstractly
definesa basicprotocolfor a sequentiaenumeation of the elementof anarbitraryhomogeneoubulk structure:

Let Rec IterRep(E:TYPE): :TYPE=Tupl e
empty():Bool
get():E
rest():IterRep(E)

end

The recursvely definedtype constructoriterRepis parameterizedby the elementtype E of the iteration. For
example,lterRep(Int)is thetypeof iterationsoverintegernumberswhile IterRep(Person} thetypeof iterationsover
tuplesof type Person An IterRepfor a givenelementype E is definedasa tuple with the threenamedcomponents
empty getand restwhich are parameterlesunctions. The function emptyyields trueif the iterationcontainszero
elements.The otherfunctionsare only definedfor non-emptyiterationsandsplit an iterationinto two parts: get()



is avalueof theiterationelementype andrest()is againaniterationof type lterRep(E) however, without the value
returnedby get()

In otherwords, ary structurefor which a valueof type IlterRepcanbe constructedhas“bulk” character Intu-
itively, this canbe understoody thefactthatif x is of type IterRep(E)henthethreefunctioncomponentgx.empty
x.get, x.resj provide a mappingfrom x to (possiblyinfinite) homogeneoubsts:

[x.get() x.rest().get()x.rest().rest().get()..]

This canbe exemplifiedby the polymorphicfunctionelementshatmapsanarrayarrof anarbitraryelementype
E to arecursvely definedvalueof type IterRep(E)i.e. arraysarebulk typesbecaus®necansequentiallyenumerate
theirelements;

| et elements(E:TYPEarr:Array(E)):lterRep(E)=
begin
| et rec elementsFrom(indeInt) :lterRep(E)=
tuple
| et empty():Bool = index > size(arr)
| et get():E=arr[index]
| et rest():IterRep(E)= elementsFrom(inde-1)
end
elementsFrom(1)
end

The definition of type lterRepdoesnot only characterizé'stored” bulk typeslike lists, arrays,sets,relations,
dictionariesor files, but it alsocaptureselatedabstractiondik e predicatvely definedsubcollectiongviews), derived
collections(e.g. grandparentsr ancestorslerived from parents) streamspipesor channelsn operatingsystemsor
simpleenumerationsr intervals(e.g.“all numbersn therangefrom 1 to 999”).

5.2 Generalizedlteration Abstractions

Basedn elementarypulk accesslefinedby the standardizeg@rotocolof abstracsequentiahccesswe cannow define
higherlevel, declaratve iteration abstiactions Theseabstractionsanbeeitheralgebra-lile operationgunion, differ-
ence,selectioncartesiarproductor join) or calculus-lile expressionsnvolving (nested)existentially or universally
guantifiedexpressions.Technicallyspeaking,jteration abstractionglo not work directly on bulk structuresbut on
valuesof type IterRepderivedfrom bulk structures:

| et personsArray(Person¥ ...
| et oldPersonsArray(Person¥ ...
| et allPersons- iter.append(elements(persoements(oldPersons))
iter.join(
| et select(pl,p2:Person)t upl e pl.namegl.agep2.ageend
| et from1=elements(persons)
| et from2=elements(oldPersons)
| et where(pl,p2:Person){pl.name==p2.namé A {pl.age> p2.agé)

Whataretheoperationsve expectto bedefinedovergenerabulk structuresTheseoperationshouldallow (see
alsoAppendixA)

e the mappingof iterationsto iterationsof the sameor anotherelementtype (e.g. map, select,select.. from ..
wherg;

¢ thequantificationover bulk structuresy reducingiterationsto valuesof the primitive types(e.qg. size,reduce,
fold, someall);

¢ thecombinationof iterationsinto a singlenew iteration(e.g. appendt

¢ theiterationwith side-efectsovereachelemenbf aniteration(e.g. forEach,forDo, untilDo, whileDo);



¢ the“associatve” selectionof individual element®f aiterationsbasenits propertieexpressedy apredicate
analogoudo the “de-setting” operation,asfound, for example,in Adaplex [SFL83 or DBPL (the, theOnly
theFirsttheLas}.

Similariterationabstraction$or specializedulk typesarediscussedpr example,in [OBBT89, AM87, SDDS8§.
Note thatthe moduleiter in the Tycoonernvironmentprovidesa very generaland highly reusableunctionality. For
example,supposanapplicationhasto operateon stacksof rectanglesndlists of line segmentsthe operationsn the
modulejter provide a building block for a declaratve geometric‘query language”e.g. to formulatea queryto find
thetopmostrectangleon a stackthathasthe maximumnumberof intersectionsvith a givensetof line sggments.

Evenif the underlyingdatastructuresonly provide simple sequentiabccessandno type-specifianformation,
the nestingof iterationabstractiongndthe existenceof binary operationon bulk structuregjivesriseto alternative
evaluationstratgiesfor a given“query”. In the spirit of databasegjueryoptimizers(or loop optimizationtechniques
in programminganguagesimportantoptimizationscanbe appliedto thesegeneraldatastructuregfilter promotion,
guantifierexchange constanpropagationmemorizingof repeatingsubquerie®tc.). At the sametime it is possible
to provide optimizedimplementation$or join operationge.g.by sortandmeige)without perturbatinghedeclaratve
“query” stylein applicationprograms.

To our understandingthe main reasonwhy noneof the existing programminglanguagesrovidestheseopti-
mizationsfor add-oniterationabstractiondies in thelack of anadequatémplementatioriechnology for suchglobal,
run-timeoptimizationsmostoptimizationgely oninformationaboutacompletequeryexpressior(includingselection
predicatesanduserdefinedfunctions)or even on parameteraluesthat areonly determinedat run-time. Therefore,
traditional(local, incrementaltompilationtechnologiegall shortfor this particularclassof problems.

5.3 RefinedBulk Type Interfaces

Thesequentiabulk typeinterfacepresentedn section5.1 canbe usedasa goodstartingpoint to studyrefinedbulk
typeinterfaceswith particularsupportfor bulk optimizations.Our experiencewith the queryoptimizationproblemin
Pascal/RModula/RandDBPL indicatesthatthe lterRepprotocoldefinition needso be extendedby threekinds of
informationto enableoptimizationghatarecompetitve with today's commerciallyavailablesystems.

¢ Information aboutalternatve accesssupport(sequentialaccesspositionally indexed accessyalue indexed
accessprderedaccesgfor rangequeries) hierarchicalaccess). Thisimpliesthatanindividual bulk structure
may possesmultiple accespathswith substantiallydifferentoperationabehaiour andthatevenfor asingle
declaratve iterationabstractiora choicebetweertheseimplementationdecomegpossible.

e Costfunctionsfor accessmechanismgcomputingtime, numberof dataelementsvisited) to guidethe query
transformatiorprocess.

e Statisticalinformationon the bulk structurecardinality the distribution of attribute valuesor the correlation
betweerattribute values.Someof thisinformationis (conceptuallyderivablefrom knowledgeaboutthe appli-
cationdomain(e.g. the maximumnumberof studentsn alecture,the setof possibleageattribute valuesdata
dependencielsetweerrzip codesandcity names)pthershave to becomputedat run-time.

Technically this information could be castinto an extended/terReptype specificationthat hasto be met by
implementorsof add-onbulk types. Sincequery optimizationis an “optional” feature,it is appropriateto allow
“do notknow” or default valuesfor theseadditionaliteratorattributes(asit is donein extensiblequeryoptimizers).
Systemexperimentations undervay to understandhow to distribute this informationsystematicallyver the Tycoon
ervironmentwhile maintainingmodularityandextensibility.

We do notwantto leave this discussiorwithout mentioningthe problemsarisingfrom destructve updatege.g.,
within forDoloopsor asside-efectsof userdefinedfunctionsdefiningselectiorexpressions)ln [MOS9]] we propose
extensionsof polymorphictype systemsto capturenot only structuralaspectof datavalues,but alsoinformation
aboutthelocality of (mutable)dataobjectswith identity. This allows oneto utilize type checkingandtypeinference
technologyto reasonaboutthe scopeof side-efectsandto identify referentiallytransparen{“purely functional”)
subepressionsghatpermiteffective queryrewriting techniques.

21n [MS91], theseaccessnechanismarecharacterizetly typeconstructorsike it wasdonefor thesequentiatasen sectiors.1. Thisapproach
alsoallows to capturethe commonalitiedbetweeraccessnechanism$y an (inferred)subtyperelationship.



6 Reseach Issuesin Generic Bulk Data Support

The main purposeof this paperis to discussthe rathercomplec interactionbetweenlanguageand systemconsid-
erationsinvolvedin bulk type definition and support. We identify elementaryand advancedrequirementgor bulk
types,eachof which canbe satisfiedeitherby specializeduilt-in languagemechanismsr generalizedpensystem
architectures.

Recentadvancegowardsexpressie type systemsandhighly effective compilationschemesnay allow the ele-
mentaryrequirement$or bulk datastoraggincludingpersistencenanagementp besatisfiedwithoutresortingto the
built-in approachGivenstate-of-the-afanguageaechnologyahigh investmentn built-in bulk types(asexemplified
by DBPL) canonly be justified by the supportit providesfor advancedrequirementdike generalizedassociatie
gueriesor integrity constraintmanagemernin multi-userervironments.We finally reportedon our currentwork that
aimsto satisfyeventheseadvancedrequirementdy userdefinableadd-ongo genericcorelanguagegocussingon
linguisticandarchitecturabspectssinceimportantcomponentechnologyseemdo bealreadyavailablein extensible
databassystems.

Clearlythereremainmary openresearclissuedor furthertheoreticabndexperimentalwork. Whatis a suitable
formal framework for datamodelssupportinggeneralizedulk types?ls it necessaryo equip DBPLswith specific
syntacticsupportfor a concisenotationof bulk datamanipulationge.g. list comprehensions)® therea taxonomy
for generaloptimizationstratgies (algebraicvs. operational staticvs. dynamic,deterministicvs. probabilistic)?
Whereshouldthe meta-informatiorrequiredfor optimizationscomefrom (staticprogramanalysis programannota-
tionsvia pragmasaccesgo programspecificationsgcompile-timeor run-timereflection)?Canstandardizedteration
abstractiond®e exploitedfor programverificationtasks?

Finally, one could speculatethat the experiencegainedin supportingadd-onbulk typesmay be relevant also
for otherkinds of substantialanguagesxtensionssuchasthe supportof “declaratve” constraintmanagemenin the
presencef destructve updates.
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A lteration Abstractions for Add-On Bulk Types

The following fragmenttakenfrom a prototypicalTycooniteratorinterfacegives someexamplesof usefuliteration
abstractionshatareuniformly applicableto instance®f awide rangeof bulk types(seeSec.5).

i nterface lter
i mport :lterRep
export
Def T=IterRep T
error:Exception(Ok)
(* Raisedf ary of thefollowing operationsannotbe carriedout. *)

select(E:TYPEiter:T(E) p(:E):Bool):T(E)

(* Returnaniterationover theelementsn iter thatfulfil p.*)
append(E:TYPEfirst, secondT(E)) :T(E)

(* Returnaniterationover eachein first andtheneache in second?*)
map(EF ::TYPEiter :T(E) fC:E):F) :T(F)

(* Returnaniterationover f(e) for eachein iter. *)

size(E::TYPEiter :T(E)) :Int
(* Returnthe numberof elementf aniteration.*)
fold(E, F ::TYPEiter :T(E) fCE):F g(:F:F):F):F

(* Reducd(e) for eachein iter by g. Raiseerrorif iter is empty *)
reduce(E:TYPEiter :T(E) g(:E:E):E) :E

(* Reducdter by g. Raiseerrorif empty *)
flatten(E::TYPEiter :T(T(E))) : T(E)

(* Returnaniterationover eache2in eachelin iter. *)
unnest(EF ::TYPEiter :T(E) fCE) :T(F)) : T(F)

(* flatten(map(itef)). *)
someall(E ::TYPEiter :T(E) p(:E):Bool):Bool

(* Doesp(e)hold for someelement(resp.all elements)n iter?*)
join(E1,E2,F:TYPE select(:ELE2):F

from1:T(E1)from2:T(E2) where(:ELE2):Bool):T(F)
(* Joinfrom1with from2.%)
arny(E ::TYPEiter :T(E) p(:E):Bool):E

(* Chooseary elementn iter thatfulfils p.

Raiseerrorif no suchelemeniexists.*)
selectFirst(E:TYPEnN :Intiter :T(E)) :T(E)

(* Returnfirst min{n,size(iter} elementof iter. *)

forEach(E::TYPEiter :T(E) statement(:E):Ok)Ok

(* Performstatementor eachein iter. *)

forDo, untilDo, whileDo
(E::TYPEiter:T(E) p(:E):Boolstatement(:E):Ok)Ok

(* Equivalentto
forEach(select(itep))
forEach(selectUpto(itqr))
forEach(selectBefore(itdun(e:E)not(p(e)))) *)

selectBeforeselectAfter selectUptoselectStarting\ith
(E::TYPEiter:T(E) p(:E):Bool):T(E)

(* Leti betheindex of thefirst elementn iter thatfulfils p.
Returnaniterationover all elementswith anindex j suchthat
i<i, ji>i, j<=i, j>=i %)

sort(E::TYPEiter :T(E) order(:E:E):Int) : T(E)

(* Orderhasto definealinearorderon valuesof typeE. *)

end



