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Abstract

Bulk structuresplay a centralrôle in data-intensive applicationprogramming.Theissuesof bulk typedefinitionand
implementationaswell astheir integrationinto databaseprogramminglanguagesare,therefore,key topicsin current
DBPL research.

In this paperwe raisea moregenerallanguagedesignandimplementationissueby askingwhetherthereshould
be at all built-in bulk typesin DBPLs. Instead,onecould arguethat bulk typesshouldbe realizedexclusively as
user-definableadd-onsto unbiasedcorelanguageswith appropriateprimitivesandabstractionfacilities.

In searchingfor ananswerwefirst distinguishtwosubstantiallydifferentlevelsonwhichbulk typesaresupported.
ElementaryBulkessentiallycopeswith persistentstorageof massdata,theiridentificationandupdate.AdvancedBulk
providesadditionalsupportrequiredfor data-intensiveapplicationssuchasoptimizedassociativequeriesandintegrity
supportunderconcurrency andfailure.

Our long-termexperiencewith bulk typesin theDBPL languageandsystemclearlyshows the limitation of the
built-in approach:built-in AdvancedBulk, aselaborateasit maybe, frequentlydoesnot cover the whole rangeof
demandsof a fully-fledgedapplicationandoftendoesnot providea decentpay-off for its implementationeffort. On
theotherhand,restrictionto built-in ElementaryBulkgivestoolittle user-supportfor mostdata-intensiveapplications.

We report our currentwork on opendatabaseapplicationsystemswhich favours DBPLs with bulk typesas
add-ons,andoutlinesomeof thetechnologicalrequirementsfor highly reusableimplementationsof languageswith
advanceduser-providedbulk typedefinitions.

1 Bulk Data: A Languageand SystemProblem

Thereis no doubtthatbulk typesareof centralimportancein data-intensiveapplicationprogramming.Accordingly,
the designand implementationof bulk typesis a key topic in DB and DBPL researchand development[Sch78,
ADG

�
89, ABW

�
90, HS89, AB87]. Irrespective of the particularkind of bulk datastructurespresentin a given

databaseprogrammingenvironment(e.g. lists, sets,relationsin traditionalDBPLs; classextentsin object-oriented
databases;basepredicatesin deductivedatabasesor extensionallydefinedfunctionsin functionaldatabases),onecan
distinguishtwo fundamentallydifferentapproachesto bulk typesupportwithin a languageframework:

Built-In Bulk Types areprovidedasfirst-classparameterizedtype constructorsin several programminglanguages
[Sch77, LRV88, OBBT89, NT89], theirsyntax,typerules,semanticsandimplementationbeinghard-wiredinto
thelanguageprocessorandtherun-timesystemsupport.

Add-On Bulk Types aredefinedand implementedutilizing standardbuilt-in languagemechanisms(typing, nam-
ing, binding,scopingor recursion)of a sufficiently genericgeneral-purposebaselanguagelike ML [MTH90],
Modula-3[CDG

�
88], Napier-88 [DCBM89] or Eiffel [Mey88].

In this paperwe analyzethemotivationsandbasicassumptionsbehindboth (extreme)approachesandexplore
theirindividualadvantagesandshortcomings.Thisinvestigationisbasedontheonehandonoursubstantialexperience

�
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with the designand implementationof databaseprogramminglanguagesincorporatingpowerful built-in bulk type
support[Sch77, KMP

�
83, MS89]. Ontheotherhandit reportsonourcurrentwork within theESPRITBasicResearch

Action FIDE (Formally IntegratedDatabaseEnvironment)wherewe aredesigningTycoon
�
, a languageandsystem

environmentwith add-onbulk types.
As elaboratedin moredetail in section3, the choicebetweenbuilt-in andadd-onbulk typesis to be regarded

moreasanarchitecturaldecisionthanapurelanguage-designproblem.Therefore,wewill alsopresentourexperience
gainedin theprocessof implementingbuilt-in andadd-onbulk types.

Theissueof built-in vs. add-onbulk typeshasa longertraditionin thePersistentProgrammingLanguagecom-
munity, in theDBPL camp,however, themaingoalalwaysconsistedin building in advancedbulk types.By reporting
onourown pastexperiencesandfutureexpectationsweattemptto contributeto amoreopenandobjectivediscussion
on this importantDBPL researchissue.

In section2 wereportonexperiencewith built-in bulk typesby referringessentiallytoDBPL,aset-andpredicate-
basedproceduraldatabaseprogramminglanguage[SEM88]. Weillustrateissuesin languagedesign,systemconstruc-
tion and applicationprogramminginvolving built-in bulk types. Sinceothershave alreadydiscussedthe general
propertiesandrequirementsof bulk typesin somedetail[ART91], section2.4only summarizesthegistof built-in and
add-onbulk typesin termsof theirelementaryandadvanceddemands.

In section3 wepointoutsomeof themoreseverelimitationsof thebuilt-in approachthatprovideastrongincen-
tive to look for systematicadd-onapproachesto bulk typedefinitionandmanipulationin opendatabaseapplication
systems.To illustratethis, section4.1 sketcheshow typical built-in bulk typescanbe capturedasan add-onsin a
state-of-the-artprogramminglanguage.

Finally, section5 outlinesourcurrentwork in theTycoonenvironmentthataimsatdefininguniformly andimple-
mentingsystematicallydeclarative iterationabstractionsapplicableto a wide varietyof bulk structures.Specifically,
we explain how theconceptsof dataindependenceandqueryoptimizationcanbegeneralizedto liberally extensible
systems.We also identify specificlanguagemechanismsrequiredfor the efficient androbust constructionof such
openandextensibledatabaseapplicationsystems.

2 Experiencewith Built-In Bulk Types

Lookingbackonseveralgenerationsof modelsandsystemsfor bulk datamanagement,onerealizesthateachof them
wasdesignedandimplementedtargetingaratheruniformusercommunitywith verysimilarfunctionalandoperational
requirements.Basedon a thoroughunderstandingof theapplicationdomain(e.g.standardbankingapplications),a
high investmentin specificthoughgenericbuilt-in structures(e.g.polymorphicrelationtypes)wasjustified.

We first studythesubstantialpay-off of sucha languageinvestmentasexemplifiedby DBPL, a type-complete
databaseprogramminglanguageproviding generalized(keyed)setsasbuilt-in bulk types. Specifically, we focuson
the finer pointsof DBPL to clarify generalsubtletiesarisingin bulk type definitionanduse. We alsorelateDBPL
designdecisionsto approachesfoundin otherlanguagesandsystems.

In section2.3,we arguefor thenecessityto equipbulk typeswith appropriatehigh-level abstractionsto achieve
“declarative” bulk dataaccessandgeneralizedconstraintmaintenancewithout impairing their operationalqualities
(efficient,concurrent,recoverableaccess).

We concludethediscussionof built-in bulk typesby summarizingrequirementsfor bulk typesfor data-intensive
applicationsin persistentenvironments(section2.4).

2.1 Bulk TypesasParameterizedTypeOperators

DBPLprovidesabuilt-in parameterizedrelationtypeconstructorthatis parameterizednotonly by therelationelement
typebut alsoby an (optional)orderedlist of key components, which have to be selectorsfor valuesof the relation
elementtype:

relation � key-components� of � element-type�

Herearesomeexamplesof simpleandnon-standardrelationtypedeclarationsin DBPL:
�
TYCOON:TypedComputationalObjectsin OpenEnvironments



type
Persons= relation nameof record name:String;age:CARDINAL end;
Employees= relation persNumof record

persNum:CARDINAL; salary:REAL;age:CARDINAL; partners:Persons
case status:(PartTime,FullTime)of
PartTime:hoursPerMonth:CARDINAL; � FullTime:employedSince:Year;
end

end;
PersNumSet= relation of persNum;

A valueof a relationtypeis a homogeneouscollectionof simplevalues(PersNumSet) or aggregatevalues(Em-
ployees) asspecifiedby therelationelementtype. Thenumberof elements,calledthecardinalityof the relation,is
unconstrained.

Thecardinalityof relationvariablescanvarydynamically, i.e.all relationvariablesin DBPL programsaremuta-
ble values.Most built-in bulk types(like thoseof Pascal/R,E or ��� [Sch77, RC87,LRV88]) andadd-onbulk types
(collectionsdefinedin Smalltalk,Eiffel, Trellis/Owlor Modula-3[GR83, Mey88, SCB

�
86, CDG

�
88]) definemutable

entities.Bulk typesin functionallanguages(Machiavelli, FQL,ADAPTBL or TRPL[OBBT89, Nik88, SSS90,SS91])
definepurevaluesandthereforedo not offer destructive insertion,deletionor elementupdateoperationson variables
of bulk types(seealsoFig. 1).

Thechoiceof therelationelementtypein DBPL is unconstrained,i.e. therelationtypeconstructoris truly data
typecompletelike themorestandardarray, sequenceor list typeoperators.Relationtypesareintegratedorthogonally
into DBPL in the sensethat they canbe utilized uniformly in (nested)type declarations,variabledeclarations,pa-
rameterpositions,moduledeclarationsetc. Furthermore,valuesof relationtypesadhereto standardnaming,typing,
binding,scopingandpersistencerules.

A closerlook at DBPL reveals,however, somecomplicationsinherentin all bulk types(relations,maps,etc.)
thatareto provide associativeelementaccess[ART91, SDDS86, SFL83]. In DBPL, thekey of a relationdefinesa
list of componentsof therelationelementtypethatuniquelydetermineseachrelationelement.Key componentshave
to definetotal functionsover thedomainof possiblerelationelements.Therefore,they mustnot becomponentsof
variantsectionsof a variantrecordtype(e.g.,thefield hoursPerMonthis not a valid key componentfor Employees).
An emptykey componentlist is a synonym for an enumerationof all componentsof the elementtype that arenot
containedin avariantsectionof avariantrecord;in thiscasearelationis justasetof relationelements(PersNumSet).

Whereastheabove restrictionsaredirect consequencesof thesemanticsof keyedrelations,thedecisionin the
currentimplementationof DBPL not to allow key componentsthatexceed4K in sizeor thatinvolvenestedrelations–
whichwould requirea (possiblynested)relationequalitytestfor every relationupdateoperation– is basedon “pure”
engineeringconsiderations.

2.2 Elementary Operationson Instancesof Bulk Types

A minimumsetof operationsrequiredfor valuesof bulk typesarethemeansto defineanemptybulk structure(empty
set), to combinetwo bulk structuresof thesametype(setunion) andto accessindividualelementsof a bulk structure
(choose; for a morerigorousdiscussionof theseissuessee[SS91] and[Wad90]). Thefollowing subsectionspresent
alternativeapproachesto thesetasks.

2.2.1 Generationof Bulk Values

A bulk type hasat leastto have functionsto yield “empty” (nil ) bulk valuesfor a givenelementtype andthat add
a singleelementto a bulk structure(cons). Many programminganddatabaselanguagesprovide syntacticsupportto
denoteconciselyvaluesof bulk typesby anenumerationof their elementsasdemonstratedby the following DBPL
example:

persons:=Persons	�
 ; persons:=Persons	 person1,person2


Thetypenameprecedingthecurly bracketsis requiredin DBPL to determinethekey constraintson theconstructed
relationvalue.



2.2.2 Operationson Bulk Values

In anorthogonallanguageframework thereshouldbeno needto definespecialmechanismsto name,bind, scopeor
parameterizevaluesof bulk typessincetheseshouldbe“inherited” from thebasictypesor otheraggregatetypeslike
recordsor tuples.In particular, thesemanticsof assignments,parameterpassingmechanismsandequalitypredicates
(monomorphicor polymorphicà la ML) requireparticularattentionfrom the languagedesignerandtheapplication
programmer. The following exampleshouldgive an idea of the variety of possiblesemanticsfor set and record
assignmentandsetequalityin differentsystemsandlanguages:

person1:=Person	 ”Peter”,35
 ; person2:=Person	 ”Peter”,35
 ; person3:=person1;
persons:=Persons	 person1
 ;
if persons= Persons	 person2
 then “deepequality”
elsif persons= Persons	 person3
 then“shallow equality”
elsif persons= personsthen “identity”
else “???”end;

DBPL, Pascal/R,LDL andMachiavelli have built-in deepequalitysemantics,whereasO� , for example,utilizes
shallow equality for setsof objects. Languageswith add-onbulk datatypes(like PS-algol,Napier-88, Eiffel or
Smalltalk)rely heavily on referencesemantics(L-valuebindings[AM88], objectidentity [KC86]). Implementations
of collectionsof compositeobjectsin theselanguagestypically storereferencesto collection elementsand often
provideashallow equalitytestin additionto thebuilt-in identitytest.Becauseof thissharing,anupdateto acollection
element,like

person1.age:=36;

in thesesystemssimultaneouslyaffectsthevalueof collectionvariables(e.g.,persons) referencingthisobject.
DBPL – asanextensionof Modula-2– providesstrictcopy semanticsfor assignments,valueparameters,relation

equalityandrelationconstruction.Sincethereis nonotionof objectidentityin DBPL,it maybenecessaryfor database
programmersto “implement” objectidentifiersby explicitly manageduniquekeys. On theotherhand(asarguedat
lengthin [MOS91, SM91]) copy semanticsgive thedatabaseuserfine controlover the locality of anddependencies
betweendataobjectsin logically partitioned(distributed,heterogeneous,autonomous)objectstoreenvironments.

Thenatureof bulk typesusuallycallsfor incrementalupdateoperationsin additionto theplainbulk assignment.
Herearesomeexamplesof suchrelationupdateoperations(assignment,insertion,deletionandupdate)in DBPL:

persons:=oldPersons;
persons:+newPersons;
persons:–oldPersons;
persons:&updatedPersons;

Theseoperationsonrelationvaluesaredefinedsuchthatthekey integrity constraint (noduplicatekeys) is maintained
dynamicallyat run-time. For example,the above insertionoperation(:+) will ignoreall elementsin newPersons
with key valuesthatarealreadypresentin personSet. ThestandardfunctionRESTRICTED()allows theprogrammer
to detectsuchconstraintviolations(a posteriori). This deterministicbehaviour of the updateoperatorsis in strong
contrastto thenon-deterministicsemanticsof therelationunionoperationin DBPL:

persons:=Persons	 Person	 ”Peter”,35
 , Person	 ”Peter”,36
�

DBPL doesnot specify which of the two tupleswith conflicting key valuesis chosento becomethe memberof
persons. Withoutgoinginto details,this non-determinismalsoextendsto DBPL’s set-orientedqueryexpressionsand
to its recursivefixed-pointqueriesandwasfoundto beessentialfor effectivequeryoptimizationwithout pertubating
thecomprehensibilityof DBPL programs[SM91, ERMS91].

To our understanding,the definition of useful bulk types(maps,relations,bags,arraysetc.) hasto include
the possibility to attachdynamicintegrity constraints on instancesof bulk types,e.g. the supportfor (associative)
identificationof collectionelements.Otherexamplesfor suchintegrity constraintsaresubsetrelationshipsbetween
theextentof asubclassandits superclass(es),referentialintegrity constraints,cardinalityconstraintsetc.

Someof thesubtletiesandpragmaticconsiderationsof DBPL (andothersystems)arerelatedto thehandlingof
possibleconstraintviolations.Thereforebulk typesareintimatelyrelatedto otherlanguagemechanisms(transactions,
exceptions,triggers,evaluationstrategies,side-effects)thatat first glanceseemto beorthogonalto bulk typedesign.



2.2.3 ElementSelection

Therearethreemainapproachesto accessingindividualelementsin a bulk value:

Cursors provide a meansto selectindividual elementsfrom a bulk structureaccordingto a fixed (perhapsunde-
fined)orderingon thecollectionelements.Cursorscanbedefinedasexplicitly manageddatastructuresor they
canbe manipulatedimplicitly (via side-effects)asit is donevia traditional interfacesbetweendatabasesand
programminglanguages.

A conceptuallyratherdifferentapproachto navigationthroughhomogeneousbulk valuesis takenin functional
languages:for example,the functionscar andcdr (headandtail or chooseandrestetc.) allow the accessto
individualcollectionelementsaswell asthebook-keepingof theprogressof theiteration[SS91]. Thefollowing
exampleillustrateshow toskipoverthefirst � elementsof astreamin afunctionalframework. Theheadelement
of a streamcorrespondsto thevalueatacursorpositionwhile thebindingto thetail streamprovidestheability
to “move” thecursor.

let rec skip(s:Streamn:Int):Stream=
if 
������ then s
elsif emptyStream(s)then s
else skip(tail(s)n-1)
end

DBPLprovides– in additionto iteratorsandhigh-levelqueryexpressions– low-levelnavigationaloperationson
relationvalues(for detailssee[SEM88]). Thefollowing DBPL codefragmentillustratesa programmingsitua-
tion thatrequiresanexplicit navigationoverbulk datastructures.ThedisplayandgetChoiceroutineembedded
in awhile-loopallow auserto interactively scroll forwardandbackwardthroughtherelationpersons.

LOWEST(persons,p); choice:=forward;
while not EOR()and not (choice= quit) do

display(p);choice:=getChoice();
if choice= forwardthen NEXT(persons,p)
elsif choice= backwardthen PRIOR(persons,p)
end

end

Iterators abstractfrom thedetailsof theelementselectionprocess.Procedurallanguageslike DBPL, SETL,Galileo
or CO� areequippedwith loop constructsto executea statement(sequence)for all elementsof a collectionin
turn:

for each p in persons:p.age� 30do p.age:=p.age+ 1 end

Higher-orderfunctionslike set-reduceor map[SS91] provide anotherform of iterationabstractionin a func-
tional framework:

let incrementAge= fun (p:Person):Persontuple p.namep.age+ 1 end
let newPersons= map(personsincrementAge)

It shouldbenotedthatcursorsoffer morecomplex elementselectionpatternsthaniteratorswhich only enable
a staticnestingof iterations. Interactive scrolling througha relationor linear-time merging of sortedlists are
typical applicationexamplesthat call for cursorsor general-purpose“continuations”[SNR90]. However, for
mostprogrammingtasks,suchexplicit control is not required,anditerators,analgebraor a calculusareto be
preferred.Theexpressivepowerof variousiteratorsis discussed,for example,in [HS89, SS91].

AssociativeElementSelectors provideanelegantsolutionfor programmingtasksthatrequirevalue-basedaccessto
anindividual collectionelement.As anexample,thefollowing DBPL statementincrementstheageof ”Peter”
in thesetof persons:



with persons[”Peter”]do age:=age+ 1 end

In languageswithoutsucha facility onecannotadequatelyexploit thekey uniquenessconstraintandonehasto
resortto standardbulk iterationconstructs:

for each p in persons:p.name= ”Peter”do p.age:=p.age+ 1 end

Associativesetandelementselectionis alsoabasisfor logic- andconstraint-basedprogramminglanguageslike
LDL [NT89] or Life [AKN89]):

person(Name,Age),Age� 60.
person(”Peter”,PetersAge).

It shouldbeemphasizedthatin theabovediscussiononmutability, copy vs.referencesemantics,thehandlingof
constraintviolationsor basiciterationfacilities,we do not arguein favourof a specificsolution.On thecontrary, we
aremoreinterestedin identifying thedimensionsof theavailabledesignspacefor bulk typedefinitionsincea better
understandingof this spaceseemsto bea prerequisiteto devising languagemechanismssupportinga wide rangeof
(possiblyuser-defined)bulk typesanditerationfacilities.

2.3 Declarativity and Bulk Types

DBPL providesnamedandparameterizedaccessexpressionsas typedfirst-classlanguageconstructs.(Recursive)
databasequeries,bulk iteration,viewing mechanismsandconstraintmanagementcantherebybesuccessfullydistilled
to asingle,“declarative” iterationabstractionthatcanfurthermorebeintegratedratherwell into acompiledprocedural
programmingenvironment.

In additionto theelement-orientedoperationssketchedin theprevioussection,DBPL providesdeclarativequery
expressionsover valuesof bulk types. Thereare threekinds of query expressions,namelybooleanexpressions,
selectiveandconstructiveexpressions.

Quantified Expressionsyield a booleanresultandmaybenested:

some ein employees(e.status= PartTime)
all ein employees(e.status= PartTime)
all ein employeessome p in e.partners(p.name= ”Peter”)

SelectiveAccessExpressionsarerulesfor theselectionof relationelements.

each ein employees(e.status= PartTime)

denotesall elementsc of therelationvariableemployees(of typeEmployees) thatfulfil theselectionpredicate
(e.status= PartTime). A selective accessexpressionwithin a relationconstructordenotesthesubrelationof all
selectedtuples:

Employees	 each ein employees(e.status= PartTime)


Anothercontext for selectiveaccessexpressionsareiterators(element-at-a-timeprocessing):

for each ein employees(e.status= PartTime)do e.hoursPerMonth:=40end

Finally, selective accessexpressionscan be namedandparameterized(see[MS89]), a processconceptually
similar to view definitionsin relationalDBMS:

selector casualon (emp:Employees):Employees;
begin each ein emp(e.status= PartTime)end casual;



Selectorsdiffer from relation-valuedfunctionsin that they allow updateson the selectedsubrelations.DBPL
emphasizesthisanalogyto arrayselectorsby thefollowing syntax:

employees[casual]:+Employees	 peter


Thesemanticsof suchselectedbulk updatesarediscussedin [SM91]. In this particularexample,theselector
casualenforcestheconstraintthatonly parttimeemployeescanbeinsertedinto therelationemployees.

ConstructiveAccessExpressionsarerulesfor theconstructionof relationelements:

Pair	 e.age,p.age
 of
each ein employeeseach p in e.partners:

(e.status= PartTime)and (p.age� 22)

wherePair is thetyperecord ageEmp,agePartner:CARDINAL end.

Again,constructiveaccessexpressionscanbenamedandparameterized.Recursiveconstructordefinitionshave
fixedpointsemanticssimilar to stratifieddatalogprograms[ERMS91]. Theuseof aconstructiveaccessexpres-
sionin a relationconstructorcreatesa relationthatcontainsthevaluesof all tuplesdenotedby theconstruction
rule.

2.4 The Gist of Bulk Types

The numerousrequirementsfor bulk types(see,e.g., [ABW
�

90, ART91]) can be classifiedinto elementaryand
advancedrequirementswhich we will summarizebelow. This discussionis valid for both,built-in aswell asadd-on
bulk types,and,therefore,alsoestablishesa framework for section4 wherewe investigateenvironmentsthatenable
theirusersto add-onbulk typesmeetingtheseelementaryandadvancedrequirements.

As a first cut, thedistinctionbetweenanelementaryandanadvancedrequirementcanbebasedon thekind of
technologythatis requiredto provideaparticularbulk typesupport(seeFig. 1). Elementaryrequirementsusuallycan
be met by local modificationsto languageprocessors(compilers,abstractmachines,run-timesupportlibraries)es-
sentiallybasedonprogramminglanguage technology. On theotherhand,moreadvancedrequirements(asmentioned
alreadyin section2), for exampleeffectivequeryoptimizationor stratificationanalysisof fixed-pointqueries,involve
globalanalysisandmodificationsasprovidedby advanceddatabasetechnology.

2.4.1 Elementary Requirements

Thebasicoperationsoutlinedin section2.2form abasisfor bulk typedefinition. In orderto facilitatethedefinitionof
new, type-safebulk structures,a languagehasto supportat leastparametricpolymorphismandtypeabstractionover
genericdatastructures.In moststandardprogramminglanguages,thedefinitionof bulk typesalsorequirestheuseof
higher-order functions, e.g. to definea specializedmonomorphicequalitypredicateat bulk structurecreationtime to
beusedfor subsequentassociativeelementretrieval.

Sincenoneof theclassicalprogramminglanguages(C, Pascal,Modula-2,Cobol,Fortran,PL/I) satisfiesthese
elementaryrequirements,databaseprogramminglanguagesderived from theselanguages(Pascal/R[Sch77], Plain
[WSK81], Modula-R[KMP

�
83], DBPL [MS89], E [RC87], CO� [LRV88] etc.)hadto beequippedwith built-in bulk

datatypes,i.e. all polymorphiccodeandall higher-orderfunctionsarehard-wiredinto thecompilerandtherun-time
support.

On theotherhand,modernprogramminglanguageslikeML, Eiffel, Napier-88,TRPLor Trellis/Owl [SCB
�

86],
have type systemsthat may be sufficiently genericto allow programmersto definetheir own bulk datatypes(lists,
trees,bags,sets,relationsor multi-dimensionalsearchstructures)from scratch. In fact, muchwork is devotedto
theconstructionof re-usablegenericlibrary codefor suchbulk typesthatcanbelater instantiatedwith specifictype
parametersandaccessmechanisms[Mey90].

Despitethis progresstowardsadd-onbulk typesthereis neverthelessmuchinterestin typequarks[ART91], i.e.
specializedbuilt-in building blocksto beusedin theconstructionof fully-fledgeduser-definedbulk types.This inter-
estin theDBPL researchcommunityis motivatedby additionaloperationaldemandsarisingin typicaldata-intensive
applicationsthatmaynot beadequatelysupportedby the languageprimitivesavailablein theabove-mentionedlan-
guages.



Support / Language: DBPL Maps Machiavelli O2 LDL

elementary
typecompleteness � � � � �
subtyping � � � � �
ordering � � � � �
sharing � � � � �
updatein place � � � � �
persistence � � � � �
accessoptimization � � � � �

advanced
key constraints � � � � �
first-orderpredicates � � � � �
generalconstraints � � � � �
updatableviews � � � � �
fixed-pointqueries � � � � �
queryoptimization � � � � �
concurrentaccess � � � � �
recovery � � � � �

Figure1: Examplesof Languageswith Built-In Bulk Types

For example,built-in specializedindex structures(maps) [ART91] arecapableof capturingthe essenceof as-
sociative accessto bulk data.By equippingtheabstractmachineof persistentlanguageslike PS-algol,Napier-88 or
Amber[Car86] with mapoperations,highly optimizedstoragestructures, bufferingstrategies,clusteringpoliciesand
garbagecollectionmechanismscanbe employed in the run-timesystem,exploiting the regularity andsizeof map
structures.

2.4.2 AdvancedRequirements

Looking at the historic developmentof relationaldatabaseprogramminglanguages(from Pascal/R,Plain, RAPP,
Modula/Rto thecurrentdefinitionof DBPL),onecanperceiveatrendtowardsincreasedbuilt-in languagesupportfor
advancedrequirementsof data-intensiveapplications.

In additionto elementaryaccessprimitives(get,insert,delete,updateandscan)for bulk structures,many DBPLs
recognizethe needto provide iteration abstractions like iterators[LG86], queryexpressions[BCD89], set opera-
tors [Mer84] or datadeductionmechanismsin rule-orientedsystems[NT89, ERMS91]. The rationalebehindsuch
declarativeaccessspecificationsis to provide conciseandoptimizablenotationsfor complex dataselectionanddata
constructiontasks.For example,setcomprehensions[Bun90, Wad90, ART91] nicely generalizerelationalcalculus
queriesby exploiting theexpressivepowerof computationallycompleteoptimisablelanguagesin a functionalframe-
work.

As exemplifiedby selectorsandconstructorsin DBPL (seeSec.2.3), iterationabstractiondoesnot needto be
limited to set-orientedbulk readaccess,but canbeuniformly generalizedto bulk updates, constraint definitionand
(recursive)dataderivation[ERMS91].

Queryoptimizationasfoundin traditionalDBMSsandsomedatabaseprogramminglanguagesaimsatexploiting
thealgebraicpropertiesof high-level accessabstractionsto (dynamically)choosecost-effective implementationsfor
theseabstractions,minimizingexecutiontime,storagerequirementsor network traffic. Queryoptimizationhasto be
regardedasa prerequisitefor successfuliterationabstractionin data-intensive applications:without effective opti-
mizations,programmersfall backto proceduralsolutionsin orderto attaintheefficiency requiredin standarddatabase



applications.
Finally, it shouldbe notedthat the useof bulk typesin shared,multi-userenvironmentsalsocalls for highly

concurrentaccessandoptimizedrecoverymechanismsto be implementedfor variablesof thesebulk types. Again,
databasesystemsandrelationalDBMS exploit the “declarativity” of accessabstractionsandhard-wiredknowledge
aboutthe representationstructuresfor thesepurposes.(e.g., see[SM91] for a discussionof the supportfor these
advancedoperationalrequirementsin theDBPL system).

3 Limitations of the Built-In Bulk TypeApproach

Thereexist severaloperationaldatabaselanguageimplementationsthatprovidebuilt-in linguisticandsystemsupport
for variouskinds of bulk types. However, thereare two main categoriesof argumentsagainstthe way bulk types
aresupported:pragmaticargumentsagainstlimitations of extensibilityandconceptualargumentsagainsta lack of
methodology in theconstructionof thesupportsystemsfor bulk typeextensions.

In illustratingtheseargumentsourDBPL experiencesupportsthatgainedby otherwell-engineeredsystems(like
O� , Ingres,Oracle,Iris, Orion,Postgres,LDL) whichalsoaddressadvanceddatabaseissues(likequeryoptimization,
concurrency control, recovery andclient-server architectures)in additionto databaseprogramminglanguageissues
(like typing,scoping,binding,iteration).

Theconsequencesof built-in bulk canonlybefully understoodbyconsideringthetypicalimplementationstrategy
for a databaseprogramminglanguage,sayDB-X. Thecompiler(interpreter)for DB-X stronglyresemblesacompiler
(interpreter)for a traditionalprogramminglanguageX, extendedby scoping,bindingandtypecompatibilityrulesfor
built-in bulk typeconstructorsandtheirbuilt-in operations(e.g.selection,naturaljoin). To meetdatabaserequirements
(persistencemanagement,accessoptimization,concurrency control),thecodegenerationphasemapscompositeDB-
X constructssystematicallyto lower-level constructs(abstractmachineinstructions,calls to supportroutines)that
providetherequiredDBMS functionality.

DBPLRTS:  predicative constraints on bulk structures

PSMS: (recursively defined) views on bulk structures

CPMSTrans:  dynamic
query optimization

CPMSEval:
query evaluation

CTMS: concurrency control on bulk structures

SMS: (long) record and page management

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

COMS: (asynchronous) inter-process communication

Public: exception handling, storage management

LMS:  multi-level and multi-granularity locking

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

Closed DBPL Application Environment

Figure2: Built-in systemsupportfor relationalbulk typesin theDBPLsystem

As a specificexampleof this approach,Fig. 2 shows thelayersof theDBPL run-timesupport.NotethatDBPL
usersonly accessa tiny fraction of the functionality presentin the run-time support,namely the topmost(over-
abstractedandpre-packaged)interfaceof the DBPL system(below the boundingbox in Fig. 2). In fact, even that
functionality is hiddenfrom theusersinceall calls to (polymorphic)run-timefunctionsareautomaticallygenerated
by theDBPL compiler, guaranteeingtypesafetyandenforcingconcurrency controlandstoragemanagementprotocols
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Figure3: Therelativecomplexity of bulk typeimplementationin DBPL

requiredin apersistentmulti-userenvironment.Fig. 3 givesanideaof thecomplexity of thevarioustasksinvolvedin
theimplementationof bulk datatypesin theDBPL system.A comparisonwith the(optimizing)SunModula-2system
thatprovidesthebasisfor theDBPL systemrevealsa significantincreasein sizeof therun-timesystem.

Thebuilt-in approachcanbecharacterizedby thefollowing assumptions:

� All languageimplementationdetailsarehiddenfrom the applicationprogrammer(How is a bulk type imple-
mented?How is aqueryrepresented,transformedandevaluated?How is serialisabilityachieved?)

� The efficient implementationof the databaselanguagedependscrucially on detailedlanguagedesigntime
knowledgeaboutpermissiblelanguageconstructs:Which (bulk) typesexist? What is thesyntaxof thequery
(sub-)language?Whatarethealgebraicpropertiesof thebuilt-in languageprimitiveslike equalitypredicates,
comparisonoperations,aggregatefunctions?

� Significantoptimizationsarebasedonacarefulcase-analysiswithin theavailablelanguagespace.Examplesare
optimizationsfor specialcaseslike flat relations,unorderedcollections,read-onlytransactionsor onevariable
selectionqueries.

Someof theseassumptionsarein conflict with theprogramminglanguageprinciplesof orthogonalityandfree
extensibility. Accordingly, muchwork in thedatabasecommunityaimsat extendingdatabasetechnology to support,
e.g.

� new aggregatefunctionsin queries,

� new operationswithin queries(e.g.testfor intersectionof geometricobjects),

� new bulk structures(e.g.orderedsequences),

� new operationsin thetargetlist of queryexpressions,

� new storagestructures,

� new join algorithms,etc.

Despiteprogressmadewith extensibledatabasesystems(for a recentsurvey see[Sto90]), none of today’s
databaseprogramminglanguageimplementationsprovidesadequatesupportfor theaboveextensions.

Take for examplean extensionof DBPL by orderedlists. Although this could be achieved by ratherlimited
local changesto anexisting databaseprogramminglanguageimplementation,this canhardlybedoneby “ordinary”
applicationprogrammers.Thefirst problemis the lack of polymorphism.It is thereforenecessaryto write different
codefor lists of persons,employees,integers,etc. (instead,the typevariableValuein the following codefragment
shouldbeuniversallyquantified):



const nil = 0
type
Value= ... (* elementtype,e.g.String*)
ID = CARDINAL;
Item= record id: ID; val: Value;next:ID end
Items= relation id of Item;
List = record items:Items;head,nextIndex: ID end

procedure new(var list: List); begin list:= List 	�	�
 , nil, nil 
 end new;

procedure cons(val: Value;var list: List);
begin
with list do INC(nextindex); items:+Item	 nextIndex, val, head
 ; head:=nextindex
end
end cons;

Obviously, relationsdo not provide the “right” abstractionlevel at which to build list structures,sincethe above
exampleexploits relationsmerelyasa typedhomogeneousstoreindexedby integer“addresses”.Similarly, relational
calculusexpressionsarenotasuitablebasisto solvelist processingtasks(e.g.to selectasublistof all valuessatisfying
a booleanpredicate).

It shouldbenotedthatthis inadequacy is notadeficiency of DBPL. It canbealsofoundin polymorphicdatabase
languageslike Machiavelli or Galileo andall commerciallyavailable relationaldatabasesystems,sincetheir bulk
expressionsdonotscaleupto user-definedbulk structures.Providing listsasbuilt-in bulk structures(asdonein E, O�
andotherobject-orienteddatabases)doesnotovercomethegenerallackof extensiblilty, e.g.,it maystill beimpossible
to defineadequatelymultisetsor to representgeographicdata(planes,line segmentsetc.).

The price for the high level of abstractionand safetyin DBPL programsis the inability to re-use,override,
reconfigureor adaptthe DBPL systemcodefor purposesother than thoseforeseenat languagedesigntime. For
example,the implementationof list structuresshouldbe performedpreferablyat the abstractionlevel of the layer
CRDS (seeFig. 2) within the DBPL system, utilizing tuple-identifiersand tuplesas provided by the layer SMS,
inheritingSMS’s concurrency andrecoverymechanismswithout change.Limited modificationsof thegenericquery
evaluationandoptimizationlayer CPMSwould suffice to generalizeaccessexpressionsto orderedbulk types. No
modificationsat all seemto be requiredto have in additionoptimizedfixed-pointqueriesover lists by re-usingthe
layerPSMS.

To summarize,theabove problemswith extensionsstemfrom the fact that traditionallybuilt-in bulk typesand
queryabstractionsareonly intendedto directly supportvery specificmodellingrequirementsandthereforearenot
designedto beusedin the implementationof othergenericdatastructures.

In our experiencethemainargumentsagainstthetraditionalbuilt-in approachto bulk typescanbesummarized
asfollows:

Reusability: It is difficult (often impossible)to safelyre-useexisting systemcomponentsof thebuilt-in systemen-
vironment(buffer manager, polymorphicindex structures,wait-for-graphmanagement,clusteringalgorithms
etc.).

Scalability: It is typically not possibleto eliminateunnecessaryfunctionality from thebuilt-in systemenvironment
(concurrency controlor recoveryactions,componentsfor recursivequeryevaluation).

Adaptability: Even if onehasaccessto the implementationsof the built-in bulk structures,modificationsof these
components(e.g. replacingB-Tree index structuresby hashedstructuresor replacinga garbagecollection
algorithm)haveto beperformedin a “lower level” programminglanguagewith obviousnegativeconsequences
ontheoverallsystemcorrectnessandlong-termsystemevolution.

Theapparentresistanceof currentDBPL systemimplementationsagainstDBPL language extensionsgivesrise
to thefollowing importantresearchquestion.Canoneisolate“generic” languageconstructsthataid in thesystematic
constructionof flexible DBPL processorsandmeetmorethanjust a limited setof structuresandalgorithmsforeseen
at languagedesigntime?Thesecondpartof thispaperaddressestherelationshipbetweenDBPL languageandsystem
extensibility.



4 From Built-In To Add-On Bulk Types

In thefollowing subsectionswe illustratehow well-understoodbulk structures(setsandrelations)canbeprovidedas
add-onswithout impairingtheir linguisticquality (syntax),expressiveness(semantics)or optimizability.

As a concretenotationto presentthe add-onapproach,we utilize Quest[Car89], a functional languagewith
imperative features,strict evaluationstrategies,explicit type quantificationandsubtypingrules inductively defined
over all typeconstructions.AlthoughQuestlacksimportantoperationalfeaturesrequiredin databaseprogramming,
e.g.persistencemanagementwith incrementalloadingstrategies,primitivesfor concurrency control and recovery,
Questturnsout to bea promisingplatformto investigatetherelationshipbetweenlanguageandsystemextensibility
for bulk typessinceit incorporatesadvancedabstractionmechanismsrequiredin bulk typedefinitionandusage.

Themainpurposeof thissectionis to introducesomeof themoreadvancedlanguageconceptsthatplayacentral
rôlein extensiblelanguagesandtoconvincethereaderthatmany implementationandoptimizationstrategiesemployed
for built-in bulk structurescanbecarriedforwardto add-onsolutions.Importantissuesof extensibilityandreusability
aredeferreduntil section5.

A discussionof the fundamentallanguage mechanisms(typing, binding,scoping,polymorphism,higher-order
functions,typeoperators,type inference)employedin theprogrammingexamplescanbefoundin [Car89]. A more
detailedstudyof theselanguagemechanismsin thecontext of databaseapplicationsystemsis presentedin [MS91].

4.1 Add-On Relation Types

The following examplespresentan applicationprogrammer’s view of (add-on)relationtypesandsimplerelational
operationsin Quest:

Let Person= Tuple name:String age:Int end
Let Student= Tuple name:String age,semester:Int end
let sameName(p1,p2 :Person):Bool = p1.name== p2.name
let persons= set.new(:PersonsameName)
let students= set.new(:StudentsameName)

Thefirst two linesintroducename– typebindings,definingthetypesPersonandStudentastupletypes;thethird
line definesthe functionsameNamethat testswhethertwo tuplesof typePersonhave thesamevaluein their name
attribute. This functionis thenusedto definethekey constraintfor two newly createdrelationvariablespersonsand
studentswith elementsof typePersonandStudent, respectively. Sincerelationsareunderstoodaskeyedsets(like in
DBPL), all operationson relationsareimportedfrom a modulesetandthe dot-notationis usedto nameindividual
operationsfrom thismodule.Herearesomeexamplesfor furthersetoperations:

set.insert(personstuple let name= ”Peter”let age= 32end)
if set.member(studentstuple ”Peter”235 end) then ...end

TheQuesttypechecker enforcestheobviousconstraintson valuesof relationtypes:Only valuesof subtypesof
Personcanbeinsertedinto a relationof Persons; elementsof a Personsrelationhave typePerson; key definitionsfor
relationsof Personshaveto involvePersontuples;etc.SinceQuestdoesnothavebuilt-in “knowledge”aboutrelation
types,therehasto be a way to add-onsuchtypeconstraintsin a systematicway. For the modulesetthe necessary
informationis definedby theinterfacedefinitionSetthatis discussedbelow.

Theoperationsempty, getandrestconstitutebasicmechanismsto accessindividual elementsof a set,oneafter
the other. For a non-emptyset, the operationget choosesan arbitraryelementof the setwhile rest yields the set
without theelementreturnedby get.

if not(set.empty(persons))then
let aPerson= set.get(persons)
let otherPersons= set.rest(persons)
end

A moreinterestingtaskis to capturebulk operationsonsetsandrelations:



set.forEach(studentsfun(s:Student)
print(”Name= ” ��� s.name��� ” Age= ” conv.int(s.age)��� ”\n”))

let oldStudents():Students= set.select(studentsfun(s:Student)s.age� 28)

set.join(let select(s:Studentp:Person)= tuple p.names.semesterend
let from1= students
let from2= persons
let where(s:Studentp:Person)= s.name== p.name)

set.forEach(studentsfun(s:Student)
set.forEach(personsfun(p:Person)
if s.name== p.namethen print(p.name��� ” ” ��� s.name)end))

set.some(oldStudents()fun(s:Student)	 s.semester� 5
���	 s.name= ”Peter”
 )

let maxSemester= set.reduce(oldStudents()	 fun(s:Student)s.semester
 int.max)

The above programmingexamplesshow an iterationover the relation students, the definition of a view old-
Students, the join betweentwo relations,a nestediterationloop, the applicationof an existentialquantifierandthe
computationof anaggregatefunction(highestsemesterof all old students). Notethatthescopingrulesfor thebound
variablessandp supporta programmingstylethatis verycloseto built-in iterationconstructs.

It goesbeyondthescopeof thispaperto demonstratethattheQuestimplementationsof thesebulk types(under-
lying themoduleset) couldbebasedon B-trees,hashtables,bit setsor a combinationof thesedatastructureswhich
couldbeevenredefineddynamicallyvia aspecial“DBA” interface.

Ontheotherhand,thefollowing interfaceSetof themodulesetcontainsall theinformationrequiredby theQuest
compilerto checkthesyntaxandtyperulesfor add-onsettypes.

interface Set
export
T ::ALL(E ::TYPE)TYPE
new(E ::TYPEequal(:E:E):Bool) :T(E)
member(E::TYPEset:T(E) element:E) :Bool
insert(E::TYPEset:T(E) element:E) :Ok

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

forEach(E::TYPEset:T(E) stmt(:E):Ok):Ok
select(E::TYPEset:T(E) pred(:E):Bool):T(E)
join(E1,E2,F::TYPE select(:E1:E2):F

from1:T(E1) from2:T(E2) where(:E1:E2):Bool):T(F)
some(E::TYPEset:T(E) pred(:E):Bool):Bool
end;

The first declarationin this interfacedefinesan abstracttype constructorT (identifiedasset.Tfrom outsideof
this interface)thatcanbeinstantiatedwith anarbitrarytypeE of kind TYPE. For example,aset.T(Student)is thetype
of asetof students,while set.T(Person)denotesthetypeof asetof persons.Set.new is theonly functionsthatcreates
valuesof typeset.T(E)from scratch.It takesa booleanequalityfunctionequalbetweenpairsof elementsof typeE
asa parameter. This functiondefinesthe primarykey constraintthat hasto be enforcedat run-timeby the relation
implementation.

Sinceall functionsof the interfaceSetwork uniformly over setsof any elementtypeE, all thesepolymorphic
functionshaveaformal typeparameterE (of kind TYPE). By usingthenameof a typeparameterin thetypedefiniton
of morethanoneargumentsof a function(e.g. E ::TYPE set:T(E) element:E for insert), onecanexpresscorrectly
the constraintthat only valuesof type E canbe insertedinto a setof type set.T(E). Similar constraintshold for the
functionsmember, getandrest. Finally, thesignaturesof thefunctionforEachdemonstrateshow to definefunctions
thatcorrespondto compositestatements(e.g.for each ... do) in traditionalprogramminglanguages.



It shouldbenotedthattheimplementationof bulk typesandhigh-levelqueryabstractionsin theadd-onapproach
is performedin thesamelanguagethatis alsousedfor databaseapplicationprogramming.Thisdistinguishestheadd-
on approachfrom extensibledatabasesystems(like EXODUS,Genesis,Starburst or Iris; for a survey see[Sto90])
that have to resortto lower-level languageslike C or C++ to implementnew datastructures.In particular, the im-
plementationof add-onbulk typeshasto respectall typing rulesandlanguageconstraintsthatpertainto application
programs.Theuniformity of systemandapplicationprogrammingis essentialfor thesmooth“f actoring-out”of code
from applicationprogramsinto theapplicationenvironmentin caseits functionalityis foundusefulfor abroaderuser
community. Viceversa,it is oftennecessaryto importgenericcodefrom theenvironmentandto specializeor extend
it accordingto application-specificrequirements.Finally, dueto this uniformity thereis no needto define(adhoc)
interfacerulesbetweeninternalandexternaldatarepresentationsor internalandexternalcontrolstructures.

4.2 ClassifyingGeneralData Structures

Beingawareof thestructuralandoperationalrichnessof state-of-the-artprogramminglanguagetechnology, animme-
diateobjectionto theadd-onbulk typeapproachis theapparentthreatof notbeingabletocopewith theimpliedsystem
add-onsrequired,e.g.,for queryoptimization.As alreadymentionedin section3, optimizationsin databasesystems
make heavy useof algebraicor structuralpeculiarities(e.g.,commutativity, associativity, homogeneity, “flatness”)of
thedatastructuresandoperatorsofferedby theunderlyingdatamodel.

Therefore,apromisingresearchdirectiontowardsgenericoptimizationsfor generalizeddatamodelsis to isolate
such“useful” propertiesof generalizeddatastructuresandoperationsandto identify partitionsin a generalizedbulk
typeandoperationspacefor whichsystematicimplementationandoptimizationstrategiescanbedevisedwhichexploit
thesespecificproperties.

For example,thethreeoperationsempty, getandrestin theSetinterface(onp.13)seemtocaptureacharacteristic
propertyof a largeclassof bulk structures,namelytheability to (sequentially)enumeratetheir elements.Indeed,as
discussedin moredetail in thenext section,it is possibleto definea rich declarative querylanguagebasedon these
accessprimitives.

Otherresearchersareinvestigatingsimilarcharacterizationsof bulk datastructuresbasedonalgebraicproperties
of their inductively definedconstructorfunctions(Monads[Wad90], Ringads[Tri91]). In a similar spirit, [BTBN91]
shows that theexpressive power of the relationalalgebraandof a complex objectalgebrawith or without powerset
canalsobecharacterizedby theconceptof structural recursiononsetsextendedby very few programminglanguage
constructs(like tupling or conditionals).Early work on thesystematicmappingfrom recursively defineddatastruc-
turesandtheir associatedoperationsdown to relationalstructuresandoperations(in thecontext of Pascal/R)canbe
foundin [Lam84].

Formal softwarespecificationtechniquesmay be anothersourcefor the characterizationof relevant subspaces
amenableto global optimizations. It is interestingto note that there is ongoingwork to establishan integrated
framework incorporatingboth,aspectsof logic databases,aswell asequationalspecificationsof algebraicdatatypes
[Bee91].

As outlinedin thenext section,thereis animportantdifferencebetweentheideaof (conceptual)sublanguagesin
theadd-onapproachandthetraditionalnotionof built-in bulk typeconstructorswith theirassociatedquerynotations.
Thisdifferenceresultsfrom thefactthatthereis noartificial syntacticor linguisticbarrierbetweenoptimizablequery
notationsandnon-optimizablegeneralpurposeprogrammingconstructs.Therefore,thereis noneedto revisethelan-
guagedefinition,thelanguageprocessoror existing applicationprogramswheneveradvancesin databasetechnology
enablethehandlingor optimizationof moregeneraldatastructuresor queryconstructs.

5 Uniform Iteration Abstractions

Thissectionrefinestheapproachoutlinedin section4.2andcapturesthecommonalitiesof a largeclassof bulk types
by a small commonset of accessprimitives. We alsodemonstratehow a very expressive query languagecan be
systematicallyconstructedfrom theseaccessprimitives.Finally, we indicateour approachto methodicallyachieving
efficient implementationsfor thisextendedclassof bulk structures.

In Tycoonweseekto explorethepotentialof anapproachwhichstartswith atype-safecorelanguagesupporting
only low-level structures(e.g. arraysor inductively defineddatatypes)andbasicmechanismsto controlmutability,
sharing,clusteringandpersistenceof thesestructures.Applicationprogrammerstypically do not utilize this built-in



primitive functionalitybut make heavy useof problem-orientedbulk types(sets,relations,lists, priority queuesetc.)
andstandardizediterationabstractionsoverthesebulk structuresalreadyprovidedby theirprogrammingenvironment.

To motivatethepotentialof suchstandardizediterationabstractions,it maybehelpful to comparethequerythat,
for example,selectsthetop-tenmanagersaccordingto thesalesof all suppliersin theircompany with theconceptually
similar querythatcomputesthetendocumentsin a directorythatcontainthemostmis-spelledwordsaccordingto a
givendictionaryof correctwords:

let companySales(c:Company):Real= real.sumOf(SFW(
let select(s:Supplier):Real= turnover(s)
let from = suppliers
let where(s:Supplier):Bool= worksFor(sc)))

let topTenManagers= selectFirst(10
sort(managersfun(m:Manager):RealcompanySales(m.company) 	������ �"! ���#
 ))

let errorCount(t:TextFile):Int = size(SFW(
let select(s:Supplier)= s
let from = text.wordsOf(t)
let where(s:String):Bool= not(member(sspellDictionary))))

let topTenFiles= selectFirst(10
sort(documentserrorCount	�$%
'&(!)���#
 ))

Without going into details, the remarkablesimilarity betweenthesetwo queriesis due to the availability of
“generic”declarativequeryconstructs.For example,thebulk operationsadd,count,select.. from.. where,selectFirst,
member, andsortarehigher-ordergenericfunctions(definedin aTycoonmodule,seeAppendixA) thatareuniformly
applicablenot only to bulk typesof differentelementtypes(Stringsor Suppliers) but alsoto a wide rangeof bulk
types(Relationsor Dictionaries).

Someof thebulk typesutilized in theexamplesaresocommon(like text files,sequencesof words,orderedlists,
setsandrelations)thatthey arealreadymadeavailablein thestandardTycoonenvironment.New bulk structurescan
beeitherdefinedfrom scratch(i.e. by utilizing theprimitivebuilt-in Tycoontypeslike tuples,variants,functionsand
fixed-sizedarrays),or their implementationcanbebasedonexistingbulk typeslike listsor hasheddictionaries.

Whereasthedefinitionof bulk typesanditerationabstractionsis toberegardedasaclassicalsystemprogramming
task, applicationprogrammerstypically only needto instantiateor specializetheseservicesby appropriatetype-
specificinformation,e.g. to defineapplication-specificbulk variableslike Suppliers,Managers,Documentsandbulk
functionsor associationsbetweenthemlike turnover, worksFor or wordsOfanderrorCount.

As shouldbeclearfrom theexamplesabove, our maingoal is to factor-out repeatingprogramcontrolpatterns
from specificapplicationsinto the languageenvironment. The feasibility of this approachdependscrucially on the
ability to isolatehighly genericaccessabstractions(capturedby higher-orderfunctions)thatcanbeapplieduniformly
evento highly specializedbulk structures(representedby abstracttypesor abstractparameterizedtypeconstructors).

5.1 An Elementary Bulk Type Interface

As explainedin section4.2, it is highly desirableto find commonalitiessharedby all bulk structuresthatcanprovide
the basisfor substantialsystemsupportrequiredin a databasescenario. The following type definition abstractly
definesa basicprotocolfor a sequentialenumerationof theelementsof anarbitraryhomogeneousbulk structure:

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

end

The recursively definedtype constructorIterRepis parameterizedby the elementtype E of the iteration. For
example,IterRep(Int)is thetypeof iterationsoverintegernumberswhile IterRep(Person)is thetypeof iterationsover
tuplesof typePerson. An IterRepfor a givenelementtypeE is definedasa tuplewith the threenamedcomponents
empty, getandrestwhich areparameterlessfunctions. The functionemptyyields true if the iterationcontainszero
elements.The other functionsareonly definedfor non-emptyiterationsandsplit an iterationinto two parts: get()



is a valueof the iterationelementtypeandrest()is againaniterationof typeIterRep(E), however, without thevalue
returnedby get().

In otherwords,any structurefor which a valueof type IterRepcanbeconstructed,has“bulk” character. Intu-
itively, this canbeunderstoodby thefactthat if x is of typeIterRep(E)thenthethreefunctioncomponents(x.empty,
x.get,x.rest) providea mappingfrom x to (possiblyinfinite) homogeneouslists:

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

Thiscanbeexemplifiedby thepolymorphicfunctionelementsthatmapsanarrayarrof anarbitraryelementtype
E to a recursively definedvalueof typeIterRep(E), i.e. arraysarebulk typesbecauseonecansequentiallyenumerate
theirelements;

let elements(E::TYPEarr :Array(E)) :IterRep(E)=
begin
let rec elementsFrom(index :Int) :IterRep(E)=

tuple
let empty():Bool = index � size(arr)
let get():E = arr [index]
let rest():IterRep(E)= elementsFrom(index+1)
end

elementsFrom(1)
end

The definition of type IterRepdoesnot only characterize“stored” bulk typeslike lists, arrays,sets,relations,
dictionariesor files,but it alsocapturesrelatedabstractionslike predicatively definedsubcollections(views),derived
collections(e.g. grandparentsor ancestorsderivedfrom parents),streams,pipesor channelsin operatingsystemsor
simpleenumerationsor intervals(e.g.“all numbersin therangefrom 1 to 999”).

5.2 GeneralizedIteration Abstractions

Basedonelementarybulk accessdefinedby thestandardizedprotocolof abstractsequentialaccess,wecannow define
higher-level,declarative iterationabstractions. Theseabstractionscanbeeitheralgebra-likeoperations(union,differ-
ence,selection,cartesianproductor join) or calculus-like expressionsinvolving (nested)existentiallyor universally
quantifiedexpressions.Technicallyspeaking,iterationabstractionsdo not work directly on bulk structuresbut on
valuesof typeIterRepderivedfrom bulk structures:

let persons:Array(Person)= ...
let oldPersons:Array(Person)= ...
let allPersons= iter.append(elements(persons)elements(oldPersons))
iter.join(
let select(p1,p2:Person)= tuple p1.namep1.agep2.ageend
let from1= elements(persons)
let from2= elements(oldPersons)
let where(p1,p2:Person)= 	 p1.name== p2.name
*��	 p1.age� p2.age
 )

Whataretheoperationsweexpectto bedefinedovergeneralbulk structures?Theseoperationsshouldallow (see
alsoAppendixA)

� themappingof iterationsto iterationsof the sameor anotherelementtype (e.g. map,select,select.. from ..
where);

� thequantificationover bulk structuresby reducingiterationsto valuesof theprimitive types(e.g. size,reduce,
fold, some,all);

� thecombinationof iterationsinto a singlenew iteration(e.g.append);

� theiterationwith side-effectsovereachelementof aniteration(e.g.forEach,forDo, untilDo, whileDo);



� the“associative” selectionof individualelementsof a iterationsbasedonits propertiesexpressedby apredicate
analogousto the “de-setting”operation,asfound, for example,in Adaplex [SFL83] or DBPL (the, theOnly,
theFirst,theLast).

Similariterationabstractionsfor specializedbulk typesarediscussed,for example,in [OBBT89, AM87, SDDS86].
Note that themoduleiter in theTycoonenvironmentprovidesa very generalandhighly reusablefunctionality. For
example,supposeanapplicationhasto operateonstacksof rectanglesandlistsof line segments,theoperationsin the
moduleiter provide a building block for a declarative geometric“query language”,e.g. to formulatea queryto find
thetopmostrectangleona stackthathasthemaximumnumberof intersectionswith agivensetof line segments.

Even if the underlyingdatastructuresonly provide simplesequentialaccessandno type-specificinformation,
thenestingof iterationabstractionsandtheexistenceof binaryoperationson bulk structuresgivesriseto alternative
evaluationstrategiesfor a given“query”. In thespirit of databasequeryoptimizers(or loop optimizationtechniques
in programminglanguages)importantoptimizationscanbeappliedto thesegeneraldatastructures(filter promotion,
quantifierexchange,constantpropagation,memorizingof repeatingsubqueriesetc.). At thesametime it is possible
to provideoptimizedimplementationsfor join operations(e.g.by sortandmerge)withoutperturbatingthedeclarative
“query” stylein applicationprograms.

To our understanding,the main reasonwhy noneof the existing programminglanguagesprovidestheseopti-
mizationsfor add-oniterationabstractionslies in thelack of anadequateimplementationtechnology for suchglobal,
run-timeoptimizations:mostoptimizationsrelyoninformationaboutacompletequeryexpression(includingselection
predicatesanduser-definedfunctions)or evenon parametervaluesthatareonly determinedat run-time. Therefore,
traditional(local, incremental)compilationtechnologiesfall shortfor thisparticularclassof problems.

5.3 RefinedBulk Type Interfaces

Thesequentialbulk typeinterfacepresentedin section5.1 canbeusedasa goodstartingpoint to studyrefinedbulk
typeinterfaceswith particularsupportfor bulk optimizations.Ourexperiencewith thequeryoptimizationproblemin
Pascal/R,Modula/RandDBPL indicatesthat the IterRepprotocoldefinitionneedsto beextendedby threekindsof
informationto enableoptimizationsthatarecompetitivewith today’scommerciallyavailablesystems.

� Information aboutalternative accesssupport (sequentialaccess,positionally indexed access,value indexed
access,orderedaccess(for rangequeries),hierarchicalaccess)� . This impliesthatan individual bulk structure
maypossessmultipleaccesspathswith substantiallydifferentoperationalbehaviour andthatevenfor a single
declarativeiterationabstractionachoicebetweentheseimplementationsbecomespossible.

� Costfunctionsfor accessmechanisms(computingtime, numberof dataelementsvisited) to guidethe query
transformationprocess.

� Statisticalinformationon the bulk structurecardinality, the distribution of attribute valuesor the correlation
betweenattributevalues.Someof this informationis (conceptually)derivablefrom knowledgeabouttheappli-
cationdomain(e.g. themaximumnumberof studentsin a lecture,thesetof possibleageattributevalues,data
dependenciesbetweenzip codesandcity names),othershaveto becomputedat run-time.

Technically, this informationcould be castinto an extendedIterReptype specificationthat hasto be met by
implementorsof add-onbulk types. Sincequery optimizationis an “optional” feature,it is appropriateto allow
“do not know” or default valuesfor theseadditionaliteratorattributes(asit is donein extensiblequeryoptimizers).
Systemexperimentationis underwayto understandhow to distributethis informationsystematicallyover theTycoon
environmentwhile maintainingmodularityandextensibility.

We do not wantto leave this discussionwithout mentioningtheproblemsarisingfrom destructiveupdates(e.g.,
within forDo loopsor asside-effectsof user-definedfunctionsdefiningselectionexpressions).In [MOS91] wepropose
extensionsof polymorphictype systemsto capturenot only structuralaspectsof datavalues,but also information
aboutthe locality of (mutable)dataobjectswith identity. This allows oneto utilize typecheckingandtypeinference
technologyto reasonaboutthe scopeof side-effectsand to identify referentiallytransparent(“purely functional”)
subexpressionsthatpermiteffectivequeryrewriting techniques.

+
In [MS91], theseaccessmechanismsarecharacterizedby typeconstructorslike it wasdonefor thesequentialcasein section5.1.Thisapproach

alsoallows to capturethecommonalitiesbetweenaccessmechanismsby an(inferred)subtyperelationship.



6 Research IssuesIn GenericBulk Data Support

The main purposeof this paperis to discussthe rathercomplex interactionbetweenlanguageandsystemconsid-
erationsinvolved in bulk type definition andsupport. We identify elementaryandadvancedrequirementsfor bulk
types,eachof which canbesatisfiedeitherby specializedbuilt-in languagemechanismsor generalizedopensystem
architectures.

Recentadvancestowardsexpressive typesystemsandhighly effective compilationschemesmayallow theele-
mentaryrequirementsfor bulk datastorage(includingpersistencemanagement)to besatisfiedwithoutresortingto the
built-in approach.Givenstate-of-the-artlanguagetechnology, ahigh investmentin built-in bulk types(asexemplified
by DBPL) can only be justified by the supportit providesfor advancedrequirementslike generalizedassociative
queriesor integrity constraintmanagementin multi-userenvironments.We finally reportedon our currentwork that
aimsto satisfyeven theseadvancedrequirementsby user-definableadd-onsto genericcorelanguagesfocussingon
linguisticandarchitecturalaspects,sinceimportantcomponenttechnologyseemsto bealreadyavailablein extensible
databasesystems.

Clearlythereremainmany openresearchissuesfor furthertheoreticalandexperimentalwork. Whatis asuitable
formal framework for datamodelssupportinggeneralizedbulk types?Is it necessaryto equipDBPLswith specific
syntacticsupportfor a concisenotationof bulk datamanipulations(e.g. list comprehensions)?Is therea taxonomy
for generaloptimizationstrategies(algebraicvs. operational,staticvs. dynamic,deterministicvs. probabilistic)?
Whereshouldthemeta-informationrequiredfor optimizationscomefrom (staticprogramanalysis,programannota-
tionsvia pragmas,accessto programspecifications,compile-timeor run-timereflection)?Canstandardizediteration
abstractionsbeexploitedfor programverificationtasks?

Finally, onecould speculatethat the experiencegainedin supportingadd-onbulk typesmay be relevant also
for otherkindsof substantiallanguageextensionssuchasthesupportof “declarative” constraintmanagementin the
presenceof destructiveupdates.
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A Iteration Abstractions for Add-On Bulk Types

The following fragmenttaken from a prototypicalTycooniteratorinterfacegivessomeexamplesof usefuliteration
abstractionsthatareuniformly applicableto instancesof a widerangeof bulk types(seeSec.5).

interface Iter
import :IterRep
export
Def T = IterRep_T
error:Exception(Ok)
(* Raisedif any of thefollowing operationscannotbecarriedout.*)

select(E::TYPEiter :T(E) p(:E):Bool):T(E)
(* Returnaniterationover theelementsin iter thatfulfil p. *)

append(E::TYPEfirst, second:T(E)) :T(E)
(* Returnaniterationovereache in first andtheneache in second.*)

map(E,F ::TYPEiter :T(E) f(:E):F) :T(F)
(* Returnaniterationover f(e) for eache in iter. *)

size(E::TYPEiter :T(E)) :Int
(* Returnthenumberof elementsof aniteration.*)

fold(E, F ::TYPEiter :T(E) f(:E):F g(:F :F):F) :F
(* Reducef(e) for eache in iter by g. Raiseerrorif iter is empty. *)

reduce(E::TYPEiter :T(E) g(:E :E):E) :E
(* Reduceiter by g. Raiseerrorif empty. *)

flatten(E::TYPEiter :T(T(E))) :T(E)
(* Returnaniterationovereache2in eache1in iter. *)

unnest(E,F ::TYPEiter :T(E) f(:E) :T(F)) :T(F)
(* flatten(map(iterf)). *)

some,all(E ::TYPEiter :T(E) p(:E):Bool):Bool
(* Doesp(e)hold for someelement(resp.all elements)in iter?*)

join(E1,E2,F::TYPE select(:E1:E2):F
from1:T(E1) from2:T(E2) where(:E1:E2):Bool):T(F)

(* Joinfrom1with from2.*)
any(E ::TYPEiter :T(E) p(:E):Bool):E
(* Chooseany elementin iter thatfulfils p.

Raiseerrorif nosuchelementexists.*)
selectFirst(E::TYPEn :Int iter :T(E)) :T(E)
(* Returnfirst min	 n,size(iter)
 elementsof iter. *)

forEach(E::TYPEiter :T(E) statement(:E):Ok):Ok
(* Performstatementfor eache in iter. *)

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

(* Equivalentto
forEach(select(iterp))
forEach(selectUpto(iterp))
forEach(selectBefore(iterfun(e:E)not(p(e)))) *)

selectBefore,selectAfter, selectUpto,selectStartingWith
(E ::TYPEiter :T(E) p(:E):Bool):T(E)

(* Let i betheindex of thefirst elementin iter thatfulfils p.
Returnaniterationoverall elementswith anindex j suchthat
j � i, j � i, j ��� i, j ��� i *)

sort(E::TYPEiter :T(E) order(:E:E):Int) :T(E)
(* Orderhasto definea linearorderon valuesof typeE. *)

end


