Key Concepts of the PRIMA Access System

Andrea Sikeler University Kaiserslautern

Abstract

PRIMA,as the kernelofa non-standard database management system (NDBMS),isdividedintomultiple layers representing differentlevels of abstraction. The access system is an internallayer implementing an atom-oriented interface whichallowsfordirect and navigationalretrievalas wellas manipulationof singleatoms. Differentkindsofscan operations supportsequential access toeitherhomogeneous orheterogeneous atom sets. Some scan operations, however, depend on certain storage structures (namely access path structures, sort orders, and atom clusters) whichintroduceredundancy to be maintainedby the access system. This paper describes the current state of the access system and its embedding intothe overallPRIMA system (especiallytransaction concept). Itgives an overviewofourdesign decisions and ofsome implementation aspects.

1. Introduction

The design of PRIMA(prototypeimplementationof the molecule-atomdata model, [Hä87])is strongly influencedby the investigationof four differentapplicationareas for whichwe have implemented and evaluated sizable prototype systems: VLSI circuit design, construction of solids in 3D modeling [HHLM87],and map handlingin geographic informationsystems as wellas diagnostic expert systems [HMP87].The observations made duringthese investigationsmotivatedsome importantdesign guidelines: • The data modelsupported byPRIMAhas to be object-orientedinthat itallowsforthe manipulationof sets ofcomplexobjects [BB84,Mi85].Complexobjects have to be constructed dynamicallyout ofbasic objects and relationships among these. Allkinds of relationshiptypes, 1:1, 1:n as wellas n:m, should be represented in a direct way thus allowingforsymmetrictraversal and use of complexobjects.

• PRIMAas the implementationofthe data modelshould support objectprocessing bya varietyofstorage structures, use of tuningmechanisms, and performance enhancements transparent at the data model interface. Therefore, a clean break-up of PRIMAintodifferentlayers withappropriate tasks is mandatory.

In the molecule-atomdata model (MADmodel, [Mi88]),the objects the user has to deal withare called molecules corresponding to the above mentioned complex objects. Each molecule consists of more primitivemolecules or atoms and belongs to a certain moleculetype. Thistype is defined interms ofits component types and the relationshipsamong these types (see Fig.1 forthe three generic types ofmolecule structures). Each atom is composed of attributes of various types, has an identifier,and belongs to a correspondingatom type. The atom type is put together bythe constituentattributetypes to be cho-

SFB-Bericht 26/88, SFB 124, University of Kaiserslautern, 1988

sen froma richerselection than inconventionaldata models. Withrespect to moleculemanagement the most importantof these types are the IDENTIFIERtype and the REFERENCEtype. The IDENTIFIER type serves as a surrogate [ML83]whichallowsforthe identificationofeach atom. Based on this IDEN- TIFIERtype itis easy to definethe REFERENCEtype as a typed reference to another atom ofthe same orofdifferenttype.However,each reference requires a correspondingback-reference inordertosupport symmetricprocessing. Hence, the REFERENCEtype together withthe repeating-group type SET can be used to express all kinds of relationshiptypes between two atom types. The whole set of attribute types offeredbyMADis summarized inFig.2. Additionally,MADsupports user-defined keys, inthat unambiguity is guaranteed for the corresponding key values. The MADquerylanguage (ormoleculequerylanguage, MQL)distinguishesthree sublanguages inorder to define and modifya database schema, to manipulate the database contents, and to establish tuning mechanisms: • The data definitionlanguage (DDL)comprises ofmeans to create or drop an atom type as wellas to expand or shrinkan atom type, i.e. to add or remove some attributes, and to rename an atom type. Additionally,moleculetypes may be definedand released. Fig.3 shows a simpleexample fora MAD schema and corresponding molecule type definitions.

• Thequerycapabilitiesofthe data manipulationlanguage (DML)allowforverticalaccess, i.e.retrieving selected molecules as a wholeor parts ofthem, as wellas horizontalaccess, i.e. retrievingallmole-

A

B B C

A

a) hierarchical molecule types

A

B C

D b) network-like molecule type

A

B

C c) recursive molecule type

Figure 1: Three generic types of molecule structures

attribute types description basic types : BOOLEAN CHAR (n) fixed length character string BYTE (n) fixed length byte string BIT (n) fixed length bit string INTEGER 2 byte integer LONGINT 4 byte integer REAL TIME (n) timestamp HULL_DIM (n) rectangular box of dimension n

special types : IDENTIFIER surrogate REF_TO single reference CHAR_VAR variable length character string BYTE_VAR variable length byte string CODE

composed types : ARRAY of basic type or composed type RECORD of basic type or composed type

repeating-group types : SET_OF of basic type or reference type or composed type LIST_OF of basic type or reference type or composed type

Figure 2: Attribute types offered by MAD cules, ofa certain type, perhaps satisfyingcertain selection criteria.Bothkindsofqueries are illustrated in Fig. 4 a and b, respectively. The FROM-clauseestablishes the structure of the desired molecules, inthatallessential atomtypes and the correspondingREFERENCEattributesare named (briefly "-" when unambiguous). The (optional) WHERE-clause restricts the appropriate result set by evaluatingthe specified qualificationcriteria(includingquantifiers).The SELECT-clauseallowsfora projectioneitherunqualifiedorqualified.The unqualifiedprojectionselects atoms and attributesofthe result molecules on type level,whereas the qualifiedprojectionselects atoms and attributes ofallresultmoleculessatisfyingan additionalcondition.Additionalfeatures, such as sorting,aggregation, etc. are also supported. Ina similarwayto these query capabilitiesthe INSERT,MODIFY,UPDATE,and DELETEoperations ofthe DMLdeal withintegralmolecules as wellas withits components (see Fig. 4 c and d). Again,the FROM-clauseand WHERE-clauseare used to determine the desired molecules, whereas the projectionselects the correspondingcomponents (attributes,atoms) to be manipulated.

• The thirdsublanguage is the loaddefinitionlanguage (LDL)used bythe database administratortoenhance performance. Thislanguage comprises ofmeans to defineor release varioustypes ofstorage structures: - several access methods for one or more attributes permitting multidimensional access - (vertical) partitioning of atoms to improve clustering of frequently accessed attributes - sort orders to speed up sequential processing according to a given sort criterion - "physicalclusters", called static molecules, to provide physical contiguityfor atoms belonging to frequently requested molecules.

However, the MAD model itself, i.e. the DML, makes no reference to these storage structures. Based on thisshort descriptionofthe MADmodeland itstransparent support byadditionaltuningmechanisms, the followingchapter gives an overviewofthe concepts and ideas used inPRIMAforits imple-

Figure 3: Example for the MAD-DDL

A 0..n

0..n 1..n

1..1

1..1

1..1

CREATE ATOM_TYPE A ( a_id : IDENTIFIER, a1 : INTEGER, a_to_b : SET_OF (REF_TO (B.b_to_a)) (0, VAR), a_to_c: : SET_OF (REF_TO (C.c_to_a)) (1, VAR) )

CREATE ATOM_TYPE B ( b_id : IDENTIFIER, b1 : CHAR (3), b_to_a : SET_OF (REF_TO (A.a_to_b)) (0, VAR) )

CREATE ATOM_TYPE C ( c_id : IDENTIFIER, c1 : BYTE (7), c_to_a : REF_TO (A. a_to_c), c_to_d : REF_TO (D. d_to_c) )

CREATE ATOM_TYPE D ( d_id : IDENTIFIER, d1 : CHAR_VAR, d_to_c : REF_TO (C. c_to_d) )

DEFINE MOLECULE_TYPE ABC FROM A - (B - C)

DEFINE MOLECULE_TYPE ABCD FROM A - (B, C - D) a) MAD schema

b) atom type definitions c) molecule type definitions

B C

D

mentationonlyas faras theyare necessary forthe comprehension ofa detaileddescriptionofthe access system. Subsequently, a basic versionofthe access system is described (chapter 3).Thisversionoffers allconcepts needed forthe support ofthe MADquery language. Optimizingofquery evaluation,however, is not wellenough supported. Therefore, additionalstorage structures (access path structures, sort orders, atom-cluster types, and partitions)are introducedin order to support efficientquery processing (chapter 4). Accordingto these additionalstorage structures, the access system has to cope withredundancy (chapter 5). Dynamicaspects, i.e. the transaction concept, willbe shortlydiscussed inchapter 6, whereas chapter 7 addresses the current state ofthe implementation.The paper concludes witha short summary and an outlook as to current and future work.

2. The PRIMA Architecture

PRIMAis dividedintomultiplelayers representing differentlevels of abstraction (Fig.5). Each of these layers makes availableat its interfacea number ofobjects and operations fulfillingcertain requirements of the non-standard applications needed at the chosen level of abstraction: • The DBS-kernel,i.e. the data system as the highest layer, makes available at its interface the molecule-atom data model which we have described in the introduction.

• The interface of the access system is atom-oriented.Its expressiveness is similarto the interface of the Research Storage System (RSS, [As81]) of SYSTEM R [As76].

• The storage system implements a set of "infinite"linear address spaces whichallowfor virtualaddressing by the higher layers. Hence, the storage system of PRIMArepresents a lowerlevel of ab-

SELECT A, B, C, D := SELECT D FROM RESULT WHERE D.d1 = ’example’ FROM A - (B, C - D) WHERE A.a1 = 4711

a) vertical access combined with a qualified projection

SELECT ALL FROM C

b) horizontal access (the most simple case)

c) insertion

d) modification

Figure 4: Examples for the MAD-DML

INSERT A.a1 := 1024 A.a_to_b := VALUE ( SELECT B.b_id FROM B WHERE B.b1 = ’ex ’ ) FROM A

UPDATE D.d1 := ’modified’ FROM D WHERE D.d1 = ’example’

stractionthan RSS [As81],the WisconsinStorage System [Ch85]or the Storage System ofthe DAS- DBS [DPS86].

Inthe followingsections, the data system and the storage system are described inmore detail,whereas the access system is treated throughout the rest of the paper.

2.1 The Data System The main task of the data system [Sch88]is to transformthe molecule-set oriented MQLinterface into lowerlevelprograms as wellas theirsubsequent execution. Thisis done by firsttransformingthe usersubmittedMQLstatements intovalid,semanticallyequivalent,but not necessarily optimalquery evaluationplans (QEP). These are stored withinso-called access modules (compilationphase). In an optimizationphase, these QEPs are rearranged accordingto differentheuristicsinorder to speed up theirprocessing. Subsequently, these QEPs are evaluated yieldingthe desired result (evaluationphase). Thus, compilationand optimizationare separated fromexecution, allowingforrepeated execution withoutrepeated compilation.Thisis an importantaspect withrespect to the execution ofDMLstatements which are expected to be used more than once, since they are normally embedded in application programs. A QEP consists of an operator tree describing the execution sequence withinthe data system. In the case of DDLor LDLstatements, the operator tree is simple: Descriptioninformationis generated and stored usingthe meta-data system (MDS[We87]),and the access system isinvokedtoestablish the corresponding storage structure. Considering DMLstatements, however, the operator tree may become rather complex. The compilationphase firstchecks the syntacticalcorrectness ofthe retrievalstatement. Followingthis, a couple ofquery transformationsteps (e.g. macro expansion, molecule-structuresimplification,etc.) is performed in order to achieve standardization and simplificationof the queries to be dealt with.The nodes of the resultingQEP may be dividedintotwoclasses. The leaf nodes are used to construct the molecules, whereas the inner nodes operate on the derived molecules (projection,recursion, aggregation,etc.). Thus, onlyleaf nodes invokethe access system in order to retrieve the desired atoms. Leaf nodes are always ofthe type "constructionofsimplemolecules",i.e. they deliversimplemolecules ofa non-recursive, hierarchical structure, according to a query of the following form:

user interface

application-oriented

data model interface

molecule-set-oriented, object-oriented storage structures

atom-oriented page allocation structures page-set-oriented

disc accesses

external devices molecules

atoms

segments, pages, page sets storage system access system data system application layer

P R I M A

Figure 5: Architecture of a non-standard database system

physical records

SELECT <unqualified projection> <optionally: order specification> FROM <one non-recursive, hierarchical molecule type> WHERE <molecule qualification> In the optimizationphase, the resultingQEP is firstrearranged guided by a set of rules and heuristics leadingtoan improvedQEP. Subsequently, evaluationstrategies are chosen forthe differentnodes, e.g. nested loopor mergingscan join.For the "constructionofsimplemolecules",forexample, the most obvious strategy (called"topdown")is to callthe root atom first(since exactlyone root atom is present in each molecule).Starting withthis root atom allchildren,grandchildrenand so on may be called, terminatingafter allleaves ofthe moleculestructure are reached. Callingchildrenmeans performingthe hierarchicaljoinwhichis supported by attributes ofthe REFERENCEtype. However,sometimes a "bottom up"strategy mightbe more efficient,i.e. starting witha childatom, executing the hierarchicaljoininthe directionofthe rootatom, and constructingthe wholemoleculeas inthe "topdown"approach. However, the strategy, whichshould be chosen, stronglydepends on the existingstorage structures and on the operations allowedforthese structures. Thus, the optimizationphase also determines the storage structures to be used for the "construction of simple molecules". Duringthe execution phase, the QEP operator tree is interpreted node by node, inthat an agent (e.g. a process or a procedure) is provided for each operator type executing the operator's computation.

2.2 The Storage System The storage system [Si88]as the lowestlayer ofPRIMApursues twomajortasks: Itmanages the database bufferand organizes the external storage devices, thus being responsible forthe data exchange between mainstorage and diskstorage. Bymanaging the database buffer,itprovidesa number of"infinite"linearaddress spaces withvisiblepage boundaries. Therefore,the database is dividedintovarious segments consistingofa set oflogicallyordered pages. Allpages ofa segment are ofequal size, which can be chosen to be 1/2, 1, 2, 4, or 8 kbytes and whichis kept fixedduringthe lifetimeof a segment. Segments are dynamicinthat the segment-internalfree place administration,whichis integrated intothe storage system, automaticallyallocates new pages when space is requiredwhichcannot be satisfiedby existingpages. Similarly,the FPAautomaticallydeletes emptypages when they reside at the end ofthe segment. Otherwise, empty pages are reused as soon as possible when space is required. Hence, twodifferentpage types are distinguishedwithina segment. FPApages, used onlyforfree place administration,are managed by the storage system. Therefore, they are not visibleoutside the storage system. Data pages, however, are used by the access system to map the differentstorage structures. They are requested by the FIX-PAGEoperator indicatingwhether the page is needed forread or write purposes and they are released by the UNFIX-PAGEoperator indicatingwhether or not the page has actually been modified. The fivepage sizes, however, are not sufficientwithrespect to the mapping process performed by the access system. The restrictiontoa certainpage size, even 8 kbytes,istoostringent,especiallyregarding arbitrarylengthobjects whichmay growup to some Mbytes.Therefore,page sequences are introduced as predefined page sets supported by physicalclustering.Apage sequence is a set oflogicalconsecutivepages ofa segment whichcontain(fromthe viewpointofthe access system) one singleobjectspanningthese pages [DPS86].Apage sequence consists ofa so-called header page and one or more component pages. Page sequences are dynamicsince component pages may be added and removed arbitrarily depending on the current length of an object. Requesting a page sequence (FIX-PAGE- SEQUENCEoperator)causes the storage system tofixallpages inthe database bufferbelongingtothat page sequence. These pages, however,are distributedover the buffer,i.e. the page sequence does not buildone contiguouslinearaddress space withinthe buffer,and the access system must be aware ofthe page boundaries. Correspondingly,the UNFIX-PAGE-SEQUENCEoperator releases the whole page sequence, indicating for each page whether or not it has actually been modified. Additionally,the storage system offersthree operators to handle not onlysuch predefinedpage sets but also arbitrarypage sets. The (UN)FIX-PAGE-SEToperator is just a shorthand fora number of subsequent (UN)FIX-PAGE/(UN)FIX-PAGE-SEQUENCEoperators. In other words, all specified pages and page sequences are fixed(unfixed)inthe buffer.On the other hand, the FIX-ONE-PAGEoperator supports access to replicated data fixingonlyone ofthe specifiedpages or page sequences, selecting that page orpage sequence withminimumcost, i.e. the storage system performsa "page contest"alongcertain selection criteria (e.g. "already in buffer", page size, lock conflicts). Fig. 6 summarizes the operations offered by the storage system.

3. The Basic Version of the Access System

Althoughthe access system supports quite differentstorage structures, most ofthese structures are intended to increase performance. Therefore,a basic versionofthe access system, comprisingmeans to support data definition,update, and "simple"retrieval,is sufficientin order to guarantee the functional behaviourofMQL.However,before we go intoparticularsconcerningthese operations, we firstdescribe the mapping of atoms onto the different "containers" offered by the storage system.

3.1 The Mapping of Atom Types and Atoms Inthe basic versionofthe access system, each atom typeisassigned toa singlesegment whichincludes allatoms ofthe correspondingtype.Thisdecisionessentiallysimplifiessome ofthe operations, especiallydeletingan atom type,althoughitisalso possible tostore atoms ofdifferenttypes inthe same segment (or even in the same page) due to the addressing concept described in section 5.1. Atomsare initiallymapped onto so-called physicalrecords. Aphysicalrecord is a byte stringofvariable length,whichrepresents, inthe case ofthe basic versionofthe access system, exactlyone atom (incontrast to other storage structures, where physical records represent either a part of an atom or a set of atoms, see chapter 4). The composition of a physical record considers two important aspects: 1. When inserting an atom, values may be assigned either to all or only to a few selected attributes. 2. Shrinkingan atom type happens in a deferred manner, i.e. there may exist physicalrecords which still contain deleted attributes.

Therefore, a physical record is composed of an administration part and a data part (Fig. 7): • The firstentryofeach physicalrecord corresponds to the value ofthe IDENTIFIERattributeofthe appropriateatom. Since this value is unique, itis used to locate a physicalrecord withina segment, i.e. within a page.

• The second entry delivers the total length of the physicalrecord (administrationpart as wellas data part).Thisentryisrestrictedto4 bytes, so that the maximumlengthofa physicalrecordis2^{32}-1bytes.

• The thirdentryencodes the state ofthe physicalrecord withrespect to a not yet finishedshrinkoperation.

• The fourthentry consists of a variable length bitmap and a leading length field(4 byte). This bitmap indicates for each attribute whether or not a corresponding value exists. Hence, the absence of an attributevalue is represented indirectlyby a NULLbitinstead ofan explicitNULLvalue. As a consequence, expanding an atom type requires expanding the bitmapofeach physicalrecord belongingto the correspondingatom type. However,thisis also done ina deferred manner, i.e. the bitmapis modifiedalongwiththe nextupdate operationon the atom. Thus, read access toa bit,i.e.attribute,behind the bitmap is interpreted as NULL bit.

These fourentries formthe administrationpart, whereas the fifthentrycontains the primarydata, i.e. the attributevalues. Attributevalues are stored withoutan identificationcode ofthe appropriate attribute,although such a code wouldallowformore flexibilityinarranging attributevalues. Such a code, however, wouldalso requireadditionalstorage thus leadingto fairlylarge overhead especiallyinthe case ofsmall attributevalues. Therefore,the arrangement ofattributevalues withina physicalrecord ofa certainatom type is determined by description information available from the MDS. The wayattributevalues are stored depends on theirattributetype. For this purpose, the attributetypes supported by MAD (Fig. 2) are divided into three groups: • Group1 comprises ofallattributetypes offixedlength, i.e. allbasic types, composed types (allcomponents have to be offixedlength)as wellas the special types IDENTIFIERand REF_TO.Appropriate attributevalues are stored withoutadditionalinformationas a bytestringoffixedlengthdepending on the attribute type. The corresponding length information is derived from the MDS.

• Group2 are the special types except IDENTIFIERand REF_TO.Theyare stored witha leadinglength fieldof4 bytes indicatingthe current length (inbyte). Hence, attributevalues are restricted to a maximum length of 2^{32}-1 bytes.

operation description

INIT_SEGMENT

DELETE_SEGMENT GET_FREE_PLACE

MODIFY_FPA INCREMENT_FPA DECREMENT_FPA creates a new segment, generates an appropriate number ofemptypages and initializesthe segment-internal FPA. deletes a segment determines a set ofpages whichtogether satisfythe requested free place, perhaps allocates new pages, and delivers the corresponding page numbers.

modify the FPA entry of a page by either overwriting or altering the existing value.

FIX_PAGE UNFIX_PAGE locates a page in the database buffer releases a page

FIX_PAGE_SEQUENCE UNFIX_PAGE_SEQUENCE locates a page sequence in the database buffer releases a page sequence

FIX_PAGE_SET UNFIX_PAGE_SET FIX_ONE_PAGE locates a number of pages and/or page sequences releases a number of pages and/or page sequences locates a page or a page sequence out of a number of pages and/or page sequences

Figure 6: Operations offered by the storage system

• Group3 includesthe repeating-grouptypes. Theyare also stored witha leadinglengthfieldof4 bytes indicatingnow the current number of elements. The length of a single element, however, is derived from the MDS, since the element type has to correspond to an attribute type of group 1.

Physicalrecords are, inturn,mapped onto pages and page sequences accordingto theircurrentlength. Thismeans, ifa record goes beyond the page size ofthe segment assigned to the corresponding atom type, thisrecord is mapped onto a page sequence. Otherwise,the record is mapped onto a page. Within a page sequence onlyone record is stored, whereas withina page multiplerecords may be stored subsequently withoutintermediate space. As a consequence, modifyinga record may cause movement of other records withinthe page. However,onlythe record to be modifiedmay move to another page or page sequence. Inorder to locate a physicalrecord, a physicaladdress indicatingthe appropriate segment and page or page sequence is assigned to each physicalrecord. However,this physicaladdress cannot be used as IDENTIFIERvalue, since withrespect to the additionalstorage structures multiplephysicalrecords may be assigned to a singleatom. Therefore,we use a special address structure maintainingallphysicaladdresses assigned to an IDENTIFIERvalue. The organizationofthis address structure willbe described insection 5.1 inmore detail.However,forthe followingdescriptionofthe operations offeredbythe basic version of the access system it is sufficient to know that such an address structure exists.

3.2 The Interface As already mentioned, the basic version ofthe access system comprises ofmeans to support data definition,update, and "simple"retrieval.The data definitionoperations directlycorrespond to appropriate atom-orientedMQL-DDLstatements, whereas the update and retrievaloperations, in contrast to MQL- DML statements, are restricted to a single atom.

Data Definition The creation of a new atom type requires littleeffortwithinthe access system. Anew segment as well as a correspondingaddress structure are initialized.User-definedkeys, however,raise some problems. The overhead to check for duplicates may become enormous withoutappropriate access path structures, such as B-trees, allowingfor fast value-dependent access. Therefore, an access path structure should be initializedforeach user-defined key. This,however, is onlypossible when the current configurationofthe access system includesappropriatecomponents implementingthe desired structures (see chapter 4). Information about these access path structures are stored in the MDS. Inorder to delete an atom type, the appropriate segment and address structure as wellas alldependent storage structures are deleted. Both expanding and shrinkingan atom type are processed in a deferred manner. Whileexpanding an atom type itis sufficientto defer the adjustment ofthe bitmaptillthe next update operation on an atom.

IDENTIFIER length state bitmap attribute values length

5 byte 4 byte 1 byte variable length variable length

administration part data part

Figure 7: Structure of a physical record

Whileshrinkingan atom type,however,itappears useful,due tostorage utilization,toinitializea process performingthe requiredupdates subsequently on each atom instead ofwaitingforthe next update operationon an atom. Toindicatea runningshrinkoperation the state informationmaintainedby the MDSis altered. As a consequence, ithas to be checked foreach access to a physicalrecord whether the state informationstored withinthe physicalrecord corresponds to this state information.Ifnot, the record still contains the deleted attributes. However,onlyone shrinkoperation may run in parallelsince the state information only encodes two states.

Update Update operations are restricted to single atoms identifiedby theirlogicaladdress. Thislogicaladdress corresponds, as already mentioned, to the IDENTIFIERattribute of an atom. The appropriate value is assigned by the access system when the atom is inserted and itis released when the atom is deleted. Modification of a logical address, i.e. of the IDENTIFIER attribute, is not allowed. When insertingan atom (INSERT_ATOMoperation) values may be assigned to allor onlyselected attributes.The access system has to check whether or not values are assigned to allattributes belonging to a user-defined key and whether or not the corresponding values are unique. Hence, either the above mentioned access path structures are utilized,ifsuch structures or the appropriate access path components exist,or allatoms ofthe atom type are searched sequentially.Additionally,foreach REFERENCE attributeithas to be checked whether or not the referenced atoms exist. For this purpose, the address structureofthe referenced atom types isused. Afterwards,the logicaladdress isdeterminedand the corresponding physical record is constructed and stored either in a page or a page sequence. Accordingly,itis allowedto modifysingle attributevalues withinan atom, either as a wholeor selected parts, depending on the corresponding attribute type (MODIFY_ATOMoperation). The latter holds for structuredtypes (i.e.ARRAYand RECORD)as wellas forthe repeating-grouptypes (i.e.SETand LIST). Concerningthe structured types, the appropriate part is specifiedby an offsetand a length, whereas in the case of the repeating-group types special operations exist whichenable the modificationof single elements (Fig.8). Ifthese elements are oftype ARRAYor RECORD,offsetand lengthmay be specified additionally.Againthe access system has to check foruser defined keys and REFERENCEattributes before the correspondingphysicalrecord is modified.Ifthe size ofa physicalrecord changes due to the modification,other records withinthe same page have to be rearranged. Moreover,the record itselfhas to be stored in another page or even in a page sequence if it no longer fits in its original page. Deleting an atom is quite simple (DELETE_ATOMoperation). The corresponding physical record is erased and the other records withinthe same page are rearranged. The logicaladdress assigned to a deleted atom may be reused when a new atom is inserted. Performingany update operation,the access system is responsible forthe automaticmaintenance ofthe referentialintegritydefined by the REFERENCEattributes (system-enforced integrity).Therefore, each update operation on a REFERENCEattributeincludes implicitupdate operations on other atoms to adjust the appropriate back REFERENCE attributes. Moreover,each update operation requires maintenance of all additionalstorage structures defined for the correspondingatom type. The actions to be performed,however,willbe described inchapter 4, separately for each storage structure.

Retrieval Retrievaloperations of the basic version of the access system include direct access to a single atom identifiedby its logicaladdress, as wellas sequential access to allatoms ofa certain type, either insystem-definedorder or sorted followinga certain sort criterion.In accordance to the update operations, it is possible to read an atom as a whole or to select single attribute values. Againoffset and length for structured types and special operations (Fig.8) forrepeating-group types may be specified in order to project parts of an attribute. When directlyaccessing an atom (READ_ATOMoperation), the address structure of the appropriate atom type is utilizedto determine allphysicaladdresses assigned to the corresponding logicaladdress. These physicaladdresses are passed to the storage system bya FIX_ONE_PAGEoperation.Thus, the storage system deliversa page ora page sequence whichcontains one ofthe physicalrecords assigned to the requested atom. This physical record has to be interpreted according to the underlyingstorage structure (see chapter 4) in order to return the atom in a formdescribed by the so-called projectionlist. The projectionlistdetermines the (parts of the) attributes to be retrieved as wellas the orderingof the attributes within the result atom. Sequential access requires an OPEN_SCANoperationwhichdefines the characteristics ofthe resultset ofthe appropriate scan, subsequent READ_NEXToperations inorder to retrievethe atoms ofthe result set step by step, and a CLOSE_SCANoperation whichexplicitlyends the scan. The characteristics of the result set are determined by differentparameters depending on the corresponding scan type, i.e. atom type scan or sort scan. Againa projectionlistdescribes the desired attributes as wellas their ordering withina result atom. Asimple search argument (SSA)restricts the result set to atoms satisfying the specifiedcondition.Asort criteriondefines the sequence inwhichthe atoms ofthe result set are deliveredby subsequent READ_NEXToperations. Additionally,a start/stop conditionmay limitthe result set to a certain range withinthe sort sequence defined by the sort criterion.However,specifyinga sort criterionand an additionalstart/stop conditionis restrictedtoa sort scan, whereas specifyinga projection list as well as an SSA is allowed for both atom-type scan and sort scan. Anatom-type scan is performed by scanning the address structure of the corresponding atom type in order to obtain alllogicaladdresses eventually.In accordance to the READ_ATOMoperation, foreach logicaladdress allphysicaladdresses are passed to the storage system whichdeliversa single page or page sequence containing an appropriate physical record. It is checked whether or not the physical record satisfies the specifiedSSA. Ifnot, the next logicaladdress is treated. Otherwise,the result atom is built up according to the projection list. Asort scan, however, requires much more effortwithinthe access system. Allatoms ofthe appropriate atom type have to be sorted accordingto the specifiedsort criterion.Simultaneously,the SSAas wellas the start/stop conditionhave to be evaluated. The result set has to be successively processed bysubsequent READ_NEXToperations. Therefore, itis stored in a segment whichhas to be deleted at the end of the scan. More information about sorting is given in chapter 4. Alloperations offeredbythe basic versionofthe access system as wellas the correspondingparameters are summarized in the appendix.

3.3 Parameter Formats Inorder to avoidmultiplecopyingofdata withinthe differentlayers, the data exchange formatbetween the access system and the data system is stronglyinfluencedby the internalrepresentation ofan atom used inthe data system. Thisinternalrepresentation consists ofa pointerarray whichincludes an entry foreach attributepresent inthe correspondingatom. These entries pointto the appropriate attributevalues whichmaybe located anywhere. Thismeans, the resultofa retrievaloperationis an atom structured inthe described way(moreover,the pointerarray and the desired attributevalues are clustered (Fig.9)).

However,this also means in the case of an update operation (insert or modify),the attributes to be inserted or modified are delivered in the same way. As a consequence, we need an additionalparameter whichallows for the interpretationof the correspondingdata. Inthe case ofretrieval,the projectionlistdetermines whichattributeshave tobe retrieved and howthese attributes have to be arranged withinthe result atom. For this purpose, the projectionlist consists ofmultipleentries (Fig.9) describinga single attributevalue by a number ofdifferentspecifications: • Lengthencodes the totallengtheither ofthe appropriate attributeor ofa single element forattributes of type LIST or SET.

• Offset and offset_length specify the desired part of an attribute or element of type ARRAYor RECORD.

• List/setoperation defines the retrievaloperation to be performedon an attributeoftype LISTor SET (Fig.8). Additionalparameters ofthis operation are specifiedusing number ofelements and position.

The sequence ofthese entries withinthe projectionlist,however, defines the arrangement ofthe correspondingattributevalues withinthe resultatom. Inthe same way,the projectionlistis utilizedtodescribe the inputdata on an update operation, i.e. offsetand offset_lengthspecifythe part ofan attributeor element to be modifiedand list/set operation defines an update operation on an attribute of type LISTor SET (Fig. 8). AnSSAas wellas a start/stop conditionconsists ofan operator tree describingthe expression tobe evaluated and a descriptor listspecifyingthe attributes for whichthe expression has to be evaluated. The

operation

position count_list read_elements read_list insert_elements change_elements replace_list delete_elements delete_list description

determines first position of an element within the list counts the number of elements reads one or more elements of the list reads all elements of the list inserts one or more elements to the list exchanges one or more elements of the list by one or more new elements replaces the whole list by a new one deletes one or more elements of the list deletes the whole list

operation

check_element count_set read_set insert_value replace_set delete_value delete_set description

checks whether or not a set contains a value counts the number of values reads the whole set adds a new value to the set replaces the whole set by a new one removes a value from the set deletes the whole set a) LIST operations

b) SET operations

Figure 8: LIST and SET operations evaluation of an expression itselfis performed by a separate component to whichthe operator tree as well as the appropriate attribute values have to be passed. The sort criteriondefines the sort attributes. Ifmore than one attributeis specified,the atoms are sorted on the basis of the firstattribute, and withineach of these values on the basis of the second attribute, and so on. Hence, for each attribute a sort order, either ascending or descending, may be defined.

3.4 Meta-Data System Asalready mentioned, we utilizea special component called meta-data system (MDS)inorder to maintain the descriptioninformationneeded throughoutthe mappingprocess withinthe data system and the access system. ThisMDSmay be compared, withrespect to both functionalbehaviour(objects and operations) and internalmapping mechanisms, to the basic version ofthe access system, i.e. itmaintains record-oriented structures representing meta-data. The data definitionoperations offeredby the MDSallowforthe interactivedefinition,retrieval,modification,and deletionofthe so-called meta-schema (Fig.10). The meta-schema defines the descriptioninformationby means of meta-data types (whichcorresponds to atom types) and relationships among these types. In contrast to the access system, however, the number of attribute types are restricted to IDENTIFIER,REFERENCE,and BYTEstring. Fig. 11 shows the currently used meta-schema. This meta-schema onlyconsists ofthe meta-data types whichare needed bythe currentlyimplementedcomponents ofPRIMA.Newcomponents such as the extensions ofthe access system described inthe next chapter, however, may require additional meta-data types. Therefore, it is important that an existing meta-schema is kept extensible. In order to store informationabout the meta-data types themselves, the MDSutilizesa "basic schema" whichis directlymapped onto segments and pages (Fig.12). This basic schema has to be interpreted throughouteach MDSoperation.Therefore,itisa criticalpointregardingthe overallsystem performance. Firstexperiences have already proventhat we shouldredesign the MDSwithrespect tothis,since metadata access is too slow. The data manipulationoperations (Fig.10) offeredby the MDSare utilizedby allPRIMAcomponents in order to insert, read, modify,and delete meta-data, i.e. descriptioninformation.Asinthe case ofthe access system, the MDSoffersa record-orientedinterfacewhichonlyallowsfordirectand navigationalretrievaland manipulationof single meta-data records. Moreover,the MDSdoes not support a sort scan or even SSAs.

4. Extensions to the Access System

Whereas the design ofthe basic versionofthe access system (except the sort scan) is completed and a first prototype is already running, the extensions described in this chapter are still in the design phase.

4.1 Access Path Structures Access path structures provideappropriate means forfast value-dependent access to records, i.e. atoms, ofa certaintype.However,depending on differentcharacteristics ofthe access pattern one access path structure maybe more efficientthan another one. Therefore,multipleaccess path structures should be supported by the access system with regard to the following access pattern: • exact match as well as exact range queries for a single attribute, • exact match, partial match, exact range, and partial range queries for multiple attributes, • spatial access as well as temporal access. For each ofthese access patterns (except temporalaccess) a broad varietyofaccess path structures is described inthe literature[Be79,BF74,BM72,CF81, Fr83,Gu84, NHS84,Ta81, Ya84].We have put in some effortin order to compare these structures in an appropriate way [Si85],and we have decided to utilize the following access path structures: • B-tree [BM72] for single attribute access, • grid file [NHS84] for multiple attribute access, • R-tree [Gu84] for spatial access, • no special structure for temporal access. Inbothtree structures references tothe appropriateatoms are maintained.These references correspond to the logicaladdresses ofthe atoms. As a consequence, an additionalaccess to the address structure is requiredinordertoobtainthe correspondingphysicaladdresses. However,the access path structures are isolatedfromthe redundancy introducedbythe differentextensions ofthe access system. Moreover, movinga physicalrecord does not affectany access path structure. On the other hand, the two-disk-ac-cess principleis an importantcharacteristic ofthe gridfilestructure. Therefore, a gridfiledirectlymaintains physical records, although maintenance of logicaladdresses should be possible. As a result, redundancy is introduced the first time, since multiple grid files may be defined for a single atom type. Anaccess path structure is constructed either on behalf of the database administrator(DBA)issuing a DEFINE_ACCESS_PATHoperation or during a CREATE_ATOM_TYPEoperation in order to support checkingofuser-defined keys. Ineithercases the correspondingaccess path structure is determined by the access system according to the following criteria:

atom_type role # attributes attribute description ........ attribute description

attribute description = RECORD attribute identifier length offset offset_length list/set operation number of elements position END

atom header attributevalue attributevalue attributevalue

........

........

a) projection list - attribute description

b) data exchange format - attribute values

Figure 9: Parameter formats

• Use a B-tree for a single attribute of a basic type (Fig. 2). • Use a grid file for multiple attributes each of a basic type. • Use a R-tree for a single attribute of type HULL. Thismeans, the access system onlysupports value-dependent access to a fewselected attributetypes, whereas value-dependent access to complexattributetypes (such as SET or LIST)has to be performed by the data system. Analogously,access path structures are deleted on behalf of a RELEASE_ACCESS_PATHoperation, during a DELETE_ATOM_TYPEoperation for the appropriate atom type, or when removing a corresponding attribute by a SHRINK_ATOM_TYPE operation. We have decided to providea uniformaccess path scan forallaccess path structures supported by the access system. Thus, any access path structure may be added or removed withoutaffectingthe data system (except the queryoptimizer).Asa consequence, the access path scan itselfbecomes more complex.Start/stop conditionsand directionsmay be specifiedindividuallyforevery attributeor even forevery dimension of the spatial HULL attribute, thus extending the OPEN_SCAN operation. Inthe case ofthe update operations, the access path structures have to be maintainedinan appropriate way,i.e.inserting,modifying,ordeletingan access path entry(inthe tree structures) ora physicalrecord (in the grid file).

4.2 Sort Orders Asort scan is expected to be a rather frequent operation, since sorting is required withrespect to the ORDER_BYclause of the SELECTstatement, and moreover sorting considerably speeds up internal processing of the data system, forexample when performinga merging-scan join.However,sortingan entireatom type,repeatedly foreach sort scan, is expensive and timeconsuming.Therefore,a sort scan may be supported by a redundant storage structure, the sort order. Asort order is generated on behalfofthe DBA(DEFINE_SORT_ORDERoperation),whereas itis deleted eitheron behalfofthe DBA(RELEASE_SORT_ORDERoperation)orwhenthe appropriateatomtype is deleted (DELETE_ATOM_TYPE operation). The storage structure generated fora sort order consists ofa sorted listofphysicalrecords, one foreach atom of the corresponding atom type. Initially,these physical records are stored in subsequent pages accordingto the sort criterion.Update operations, however,wouldrequire a reorganizationofthe whole structure. Therefore,the correspondingpages are chained. Asa consequence, physicalrecords may be added or removed at arbitrary points as pages are split or merged. Sortingitselfis performedina straight-forwardmanner. Thismeans, startingwithan emptysort order an atom-type scan is initializedand each atom, i.e. physical record, delivered by the scan is successively

data definition: CREATE_META_DATA_TYPE READ_META_DATA_TYPE MODIFY_META_DATA_TYPE DELETE_META_DATA_TYPE data manipulation: INSERT_META_DATA READ_META_DATA MODIFY_META_DATA DELETE_META_DATA OPEN_SCAN READ_NEXT CLOSE_SCAN

Figure 10: Operations of the MDS inserted intothe sort order at the appropriate point.Thisprocedure, however,is rather inefficient.Therefore, differentsort techniques (such as quicksort,[Hä77])have to be investigated withrespect to their applicabilityinthe access system. Moreover,the extent inwhichexistingaccess path structures or sort orders may be utilized has to be considered.

4.3 Atom-Cluster Types and Atom Clusters The concept ofatom clusters has been introducedin order to speed up constructionoffrequentlyused molecules,byallocatingallatoms ofa correspondingmoleculeinphysicalcontiguity.Atomclusters, however, are restrictedto simplemolecules ofa non-recursive,hierarchicalstructure accordingto a query of the following form: SELECT ALL FROM <one non-recursive, hierarchical molecule type> Such an atom cluster corresponds eitherto a heterogeneous or to a homogenous atom set described by a so-calledcharacteristicatom.Thischaracteristicatom simplycontains references toallatoms, grouped by atom types, belongingto the atom cluster (Fig.13a). Each atom cluster is mapped onto one physical record containingthe characteristic atom as wellas allatoms referenced by the corresponding characteristicatom (Fig.13b).The physicalrecord is, inturn,mapped ontoa page ora page sequence dependingon its current length.Thereby, the mappingofa physicalrecord onto a page sequence is performed

m

n

1

ATOM_TYPE identifier external_name state update .....

MOLECULE_TYPE identifier external_name query .....

ACCESS_MODULE .....

KEYS .....

SIMPLE_STRUCTURE .....

m

n m n

1 n

n m

n

1

n

Figure 11: Current meta-schema

ATTRIBUTE identifier external_name data type length .....

as follows(Fig.13c):Allatoms ofa singleatom type are placed intoa subrecord. Allsubrecords are subsequently mapped onto pages. Ifa subrecord exceeds the free space available withina page, a new page is allocated. Ifa subrecord requires multiplepages, these pages are exclusivelyused by the subrecord. However,in order to locate an atom withinan atom cluster, i.e. withina page sequence, an additional address structure (described in the next chapter) is required. Performingan update operationon an atom, the access system is responsible formaintainingthe appropriate atom clusters. This means, the access system has to automaticallyinclude atoms into an atom cluster, move them fromone cluster intoanother, and delete them froma cluster depending on the corresponding update operation. This is fairly simple for a non-recursive, hierarchical molecule structure: • When inserting a root atom, all "downreferences" have to be evaluated and the referenced atoms have to be incorporated intothe atom cluster. For these atoms, again all"downreferences" have to be evaluated, and so on.

• When insertinga childatom, all"upreferences" have to be evaluated inorder to obtain allpredecessors ofthe atom. Foreach predecessor, the atom clusters itbelongs toare revealed usingthe address structure of the corresponding atom type. Now,the new atom as wellas allits descendants have to be included into the revealed clusters.

• When deleting a root atom, the whole cluster has to be deleted. • Whendeletinga childatom, thisatom as wellas allitsdescendants have to be removed fromallatom clusters it belongs to.

• When modifying"downreferences" withinan atom, allatoms whichare no longerreferenced, as well as theirdescendants, have tobe removed fromallatom clusters the modifiedatom belongs to.Onthe other hand, all atoms whichare now referenced, as wellas their descendants, have to be included into those clusters.

meta-data type descriptions attribute descriptions for the first meta-data type attribute descriptions for the n-th meta-data type attribute descriptions for the second meta-data type

.....

page 1 page 2 page 3 page n+1

meta-data type descriptions = ARRAY [1 .. max_number] of RECORD identifier name page containing the corresponding attribute descriptions segment containing the corresponding meta-data records END

attribute descriptions = ARRAY [1 .. number_of_attributes] of RECORD identifier name data type END

Figure 12: "Basic schema" of the MDS

• When modifying"up references" withinan atom, the modifiedatom as wellas its descendants have to be removed fromthose atom clusters whichare determined by the predecessors no longer referenced, and they have to be includedintothose clusters whichare determined bythose predecessors now referenced.

For recursive and/or network-likestructures, however, this is much more complicatedas itdepends on the semantics of the structures. Therefore, atom-cluster types are restricted to simple molecule types. Whereas the scans, described up untilnow,onlysupport horizontalaccess to a homogeneous atom set belongingto one atom type, the twoscans definedforatom-clustertypes allowforaccess to a heterogeneous atom set across several atom types. The atom-clustertype scan deliversallcharacteristic atoms ofan atom-clustertypeina system-definedorder.Asforallother scans, the resultset ofthe atom-cluster type scan may be restrictedbya complexsearch argument (CSA),whichmust be decidable inone pass through a single atom cluster (single scan property[DPS86]).Subsequently, direct access to allatoms belongingto an atom cluster is possible as each characteristic atom contains the corresponding logical addresses. Theatomclusterscan, however,offersanother possibilityforaccessing the atoms ofan atom cluster.Itreads allatoms ofa certainatom type withinone singleatom clusterina system-definedorder, again with the possible restriction by a simple search argument.

4.4 Partitions Afurtherextension to the access system are partitions.Apartitionallowsfora verticalpartitioningofan atom type. Thus, frequentlyused attributes ofan atom type may be clustered and stored independently fromother attributes clustered in a similarway. As a consequence, multiplephysical records, one for each attributecluster, are assigned to a single atom. Each ofthese physicalrecords consists ofthe appropriateattributevalues as wellas the IDENTIFIERattributeinorder tolocate the physicalrecord within a page. Apartitionis automaticallyutilizedby the access system. Therefore, no explicitretrievaloperation referring to a partition is required.

5. Maintaining Redundancy

Allextensions introducedinthe above chapter generate additionalstorage structures whichembody either homogeneous or heterogeneous result sets. For example, an atom cluster serves to embody molecules, whereas partitionscollectthe results of projections.The underlyingconcept is to make storage redundancy availableoutside the access system byofferingappropriate retrievaloperations (i.e.scans), whereas in the case of update operations storage redundancy has to be concealed by the access system. Asa consequence, maintainingstorage redundancy inan efficientwayis a majortask ofthe access system. Especiallyin the case of update operations, new concepts have to be investigated in order to speed up a single update operation. However,before concentrating on this problem,the already mentioned address structure has to be described in more detail.

5.1 The Addressing Concept The addressing concept of PRIMA[Si87a]establishes the way in whichthe differentobjects handled withinthe access system, i.e. atoms, atom clusters, and physicalrecords, are addressed and the wayin which the different addresses are mapped onto each other.

Addressing Atoms Each atom is, as already mentioned, uniquelyidentifiedby its logicaladdress whichis assigned when the atom is inserted. The structure ofa logicaladdress is verysimilarto that ofthe IDENTIFIERtype introducedin[Lo84],i.e.a logicaladdress consists ofan atom-typeidentifier(uniquewithinthe wholeschema) and of an atom identifier (unique within a single atom type):

atom type identifier atom identifier

characteristic atom

atom type A

atom type B

atom type C

references

page header

page-sequence header a) logical view

b) mapping onto a physical record

c) mapping onto a set of pages

Figure 13: Atom cluster

As a consequence, a logicaladdress is unique system-wide, easy to reuse, and independent of every storage structure.

Addressing Atom Clusters Since each atom cluster is described by a characteristic atom (see section 4.3), the logicaladdress of this characteristic atom may be utilizedin order to access the corresponding atom cluster. That is, the concept of logical addresses is also sufficient for the addressing of atom clusters.

Addressing Physical Records In order to locate a physical record withinthe "containers"offered by the storage system, the physical address assigned to each physicalrecord consists ofa segment number and ofa page number or pagesequence number indicating the corresponding page or page sequence in which the record is stored:

However,an informationpart is required inorder to distinguishbetween a page number and a page-se-quence number. Additionally,a physical address contains an identificationof the storage structure the physical record belongs to. Thereby, the type of the storage structure (sort order, partitionetc.) is also encoded inthe informationpart, whereas the structure identifierdetermines the actual storage structure.

Mapping Logical Addresses onto Physical Addresses Mappinga logicaladdress ontothe appropriatephysicaladdresses requires a flexibleaddress structure, since depending on the additionalstorage structures a variablenumber ofphysicalrecords may existfor each atom.Therefore,a so-calledaddress listisinitiallyassigned toeach atom.Thisaddress listconsists of the corresponding logicaladdress, of a length fieldindicatingthe number of physical addresses assigned to the logical address, and of the physical addresses themselves:

The access tosuch an address listis performedbymeans ofan appropriateaddress translationmethod. We have investigateddifferentmethods (Fig.14) withrespect to the number ofpage accesses required forthe access to a single address listand withrespect to the overhead whicharises when physicaladdresses are either added or removed [Si85].Althoughthese investigationsare not yet finished,the most promising method seems to be a dynamic hash method [Si87b], e.g. linear virtual hashing [Li80]. However,we have designed a special address component [Wi87]whichconceals the realizationofthe address translation method in order to allow for an easy exchange of the different methods.

Mapping of Physical Addresses onto Logical Addresses The mappingofa physicaladdress onto the appropriate logicaladdresses is implicitlycontained ineach physical record. Ifa physical record corresponds to either an attribute cluster or a complete atom, the IDENTIFIERattribute, i.e. the logicaladdress, resides at the beginning of the corresponding physical record. Otherwise, ifa physical record corresponds to an atom cluster, the appropriate characteristic atom (at the beginningof the physical record) includes all logicaladdresses of the atoms belongingto the atom cluster (Fig. 13).

segment number information part page number / page-sequence number structure identifier

logical address length physical address physical address • • • • •

Moreover,each physical record assigned to an atom cluster requires an additionaladdress structure whichallowsforthe fast locationofa singleatom withinthe correspondingphysicalrecord. Thisaddress structure, however, stronglydepends on the current size of the physicalrecord. Ifthe record fitsintoa single page, no additionaladdress structure is necessary, since withina page a sequential search is always performed.Ifthe record is spread over a page sequence, the address structure initiallyconsists of a simpletable indicatingforeach atom typethe (first)page towhichthe appropriatesubrecord ismapped (Fig.13).Inaddition,each subrecord whichrequires multiplepages contains a furthertable indicatingfor each atom the page in whichitis stored. However,this procedure has to be investigated in more detail when the concept of atom clusters is really implemented.

5.2 Updating Storage Redundancy Introducingstorage redundancy serves to speed up retrieval.On the other hand, however,itslowsdown update, since duringa single update operation on an atom multiplephysicalrecords and access paths have to be altered in order to achieve consistent storage structures. Sequential update of all physical records and access path structures results ina lackofefficiencywhichis notacceptable. Therefore,new concepts such as deferred update and parallelupdate have tobe investigatedinmore detailwithrespect to their applicability in PRIMA.

Deferred Update Deferredupdate means that duringan update operation on an atom initiallyonlyone ofthe appropriate physical records is altered. Allother physical records as wellas the corresponding access paths are marked as invalid.Finally,a "process" is initializedwhichalters the invalidstructures ina deferred manner, whereas the update operation itself is finished. In order to mark a physicalrecord as invalidthe informationpart of the appropriate physicaladdress is used, i.e. a bitwithinthe informationpart indicates whether or not the corresponding physicalrecord is valid.Therefore,alloperations whichutilizethe address structureinordertolocate a physicalrecordmay determine the validrecords. Mostof the scan operations (except the atom type scan), however, do not utilizethe address structure. Hence, the corresponding storage structures themselves (access paths, sort orders, and atom clusters) have to be marked as invalid.Consequently,when performinga scan operation on such an invalidstructure, each physical record has to be checked as to whether or not it is valid.This,however,requires an additionalaccess to the appropriateaddress structure, i.e. the scan operation becomes slower, since each access to the address structure may result in an external disk access. In order to avoid this, allinvalidatoms (or their logicaladdresses), may be collected in a number of special pages assigned to each storage structure. These pages may be kept in the database buffer throughout the whole scan operation thus avoidingextra disk accesses. Nevertheless, each physical recordhas tobe compared withthe atoms collectedinthese pages. Inthiscontext,some problemsarise, especiallyinthe case ofaccess paths and sort orders, whichstillhave to be investigated inmore detail (e.g. when a modificationalters a sort sequence). Moreover,deferred update is related to the underlying transaction concept described in the next chapter.

Parallel Update The problem of maintaininginvalidstorage structures, however, is avoided by parallelupdate. Parallel update means that each update operation on an atom invokes a number of processes whichalter the appropriate physicalrecords and access paths inparallel.The update operationis finishedwhen allprocesses are finished.Dependingon howthe access system is structured, there are differentways to perform a parallel update: • Each update operationispassed directlytoallcomponents maintaininga singlestorage structuretype (i.e. sort component, etc.). Each component checks whichstorage structures ofthe appropriate type are affectedbythe update operation,and the correspondingstorage structures are modifiedeithersequentially or again in parallel.

• On the other hand, a general component may check whichstorage structures are affected by the update operation. For each of the affected storage structures the appropriate component is invokedin order to perform the modification.

However,additionalinvestigationsare stillnecessary in order to determine the best way (e.g. withrespect to extensibility or performance). Again,parallelupdate is stronglyrelated to the underlyingtransaction concept whichwillbe described in the next chapter.

6. Dynamic Aspects

The requirement forlongtransactions (e.g. design transactions) and the desire forexecuting suboperations ofcomplexoperations concurrentlyintroduces a new qualityofdynamicallycontrollingparallelism. Therefore, we have decided to combine the concept of multileveltransactions [WS84]and the concept ofnested transactions [Mo81]inordertoimproveconcurrencyamong suboperations and toobtaina finer granule of recovery [CP88]. As far as the access system is concerned two transaction levels have to be considered: • The storage system supports transactions on the page level,i.e. the granule of synchronizationand recovery are pages.

• The data system and the access system support hierarchicallynested transactions on the atom level. Hence, each operation at the access-system interface (direct access, scan, update) corresponds to a subtransaction on the atom level and on the page level.As a consequence, the access system has to invoke an appropriate lock and log component in order to request locks or to write log information. Forsynchronizationpurposes, wehave chosen hierarchicallockson atomtypes and on atoms. However, locks are not onlyrequested forthe atom type or atom whichare affected by the current operation, but also for all atom types or atoms which are referenced by this atom type or atom. That is: • Each directaccess to an atom requests S-locks on the corresponding atom and on allatoms whose references are selected. The appropriate IS-locks on the atom types are implicitly set.

• Each update operation requests X-lockson the corresponding atom and on all atoms whose backreferences have to be adapted. Again, the appropriate IX-locks on the atom types are implicitly set.

• Each scan operationrequests SIX-lockson the correspondingatom typeand on allatom types whose references are selected.

However,thisprocedure may result ina number offictitioussynchronizationconflictswhichdramatically decreases parallelprocessing. Especially,inthe case ofscans and lockingofreferenced atoms the chosen lockgranule may be too coarse. Therefore, the synchronizationconcept should be revised inorder to avoid such conflicts. The concept forloggingand recovery on the atom levelis stillinthe design phase. Especially,the DDL operations SHRINK_ATOM_TYPEand DELETE_ATOM_TYPEcause some problems whose solution probably may require a redesign of the corresponding operation. Moreover,the transaction concept has to be reflectedwithrespect to deferred update as wellas parallel update.

7. Implementation of the Access System

The implementationlanguage ofPRIMAis LADY[WM85],a language fordistributedsystems designed at the University of Kaiserslautern. LADY has three distinguishable language layers: • Asystem consists of a set of teams interconnected via ports. The interconnectionstructure is given by either directed port-to-port channels or by logical busses (multicast, broadcast).

• Each team (more precisely: each team type) is decomposed into a set of processes and monitors.

Monitors serve for intra-team-communication. • Atthe modulelevelthe algorithmicbehaviorofeach moduletype(process, monitor,class, procedure) is specified. Modules may be compiled separately.

The access system is part ofa team typewhichcomprises ofa number ofprocesses and monitorsneeded to implement PRIMA. The first prototype of the access system consists of • a monitor representing the interface of the access system, • a process implementing the basic version of the access system except the sort scan, • a process maintaining the address structure described in section 5.1, and

logical address

address translation table hash method

address list

B-tree

Figure 14: Different address translation methods

• a monitor representing the interface to the address structure. The implementationof this prototype is finished[Sch87, Wi87].A B-tree component is already implemented [De88], has still to be integrated into the overall system.

8. Conclusions

The design of PRIMAis characterized by a clean break-up into three differentlayers withappropriate tasks. The main tasks of the access system comprise of • mapping a number ofdifferentstorage structures (access paths, sort orders, atom clusters, and partitions) onto the "containers" offered by the storage system, • maintaining the redundant storage structures according to the update operations, and • supporting different access types based on them. For this purpose, the access system offersan atom-orientedinterface whichallowsfordirectand navigationalretrievaland manipulationofsingleatoms. Tosatisfythe retrievalrequirements ofthe data system inthe case of"constructionofsimplemolecules",itsupports directaccess to a single atom as well as sequential access toeitherhomogeneous orheterogeneous atom sets. Performingupdate operations it is responsible for the automatic maintenance of the referentialintegritydefined by REFERENCEattributes.Update operations and directaccess operate on atoms identifiedby theirlogicaladdress. Concerning access to atom sets, scans (atom type scan, sort scan, access path scan, atom-cluster type scan, and atom cluster scan) are introducedas a concept to controlsuch an atom set, to holda current positioninit,and to successively deliversingleatoms. The result set ofa scan may be restrictedbysimple or complexsearch arguments (SSA,CSA)and perhaps bysome additionalstart/stop conditionsand directions.SSA and CSAas wellas start/stop conditionshave to be decidable on a single atom or atom cluster. Some scan operations, however, depend on a corresponding storage structure such as an access path, a sort order, or an atom cluster. Afirstprototypeofthe access system consistingofthe basic version (except sort scan) is running.The next step willbe to finishthe design of the differentextensions, to implementappropriate components, and to integrate them intothe overallsystem. Asa prerequisite,however,the redesign ofthe transaction concept with respect to either parallel or deferred update has to be completed.

9. References

As76 Astrahan, M.M.,et al.: SYSTEMR: ARelationalApproachto Database Management, in:ACM Transactions on Database Systems, Vol. 1, No. 2, June 1976, pp. 97-137.

As81 Astrahan,M.M.,et al.:AHistoryand EvaluationofSYSTEMR,in:Communicationsofthe ACM, Vol. 24, No. 10, October 1981, pp. 632-646.

BB84 Batory, D.S., Buchman, A.P.: MolecularObjects, Abstract Data Types and Data Models: A Framework,in: Proceedings of the 10th InternationalConference on VeryLarge Databases, Singapore, 1984, pp. 172-184.

Be79 Bentley,J.L.:MultidimensionalBinarySearch Trees Used forAssociativeSearching, in:Communications to the ACM, Vol. 18, No. 9, 1975, pp. 509-517.

BF74 Bentley,J.L., Finkel,R.A.:Quad Trees - AData Structure forRetrievalon CompositeKeys,in:

Acta Informatica, Vol. 4, 1974, pp. 1-9. BM72 Bayer,R., McCreight,E.:Organizationand MaintenanceofLargeOrdered Indexes, in:ActaInformatica, Vol. 1, 1972, S. 173-189.

Ch85 Chou, H.T.,et al.:Design and Implementationofthe WisconsinStorage System, in:Software- Practice and Experience, Vol. 15, No. 10, October 1985, pp. 934-962.

CF81 Chang, J.-M., Fu, K.S.: Extended K-dTree Database Organization:A DynamicMultiattribute ClusteringMethod,in:IEEETransactions on SoftwareEngineering,Vol.SE-7, No.3, 1981, pp. 284-290.

CP88 Christmann,H.,Profit,M.:Transaction Support inPRIMA,in:The PRIMAProject - Design and Implementationofa Non-Standard Database System, T. Härder(ed.), SFB 124 Research Report No. 26/88, University Kaiserslautern, March 1988.

De88 Dehnrich,G.:Entwurfund Implementierungeiner Komponentezur VerwaltungvonB*-Bäumen auf der Basis paralleler Algorithmen, University Kaiserslautern, 1988.

DPS86 Deppisch, U., Paul, H.-B.,Schek, H.-J.: AStorage System forComplexObjects, in:Proceedingsofthe InternationalWorkshopon ObjectOrientedDatabase Systems, Asilomar,ed.: K.Dittrich, U. Dayal, 1986, pp. 183-195.

Fr83 Frank, A.:Probleme der Realisierung von Landinformationssystemen- Storage Methods for Space Related Data: The FIELDTREE, Report No. 71, Eidgenössische Technische Hochschule Zürich, Institut für Geodäsie und Photogrammetrie, 1983.

Gu84 Guttman,A.:R-Trees: ADynamicIndexStructure forSpatial Searching, in:Proceedings ofthe ACMSIGMODConference, SIGMODRECORD,Vol.14, No. 2, Proceedings of the Annual Meeting, 1984, pp. 47-57.

Hä77 Härder, T.: AScan-DrivenSort Facilityfora RelationalDatabase System, in: Proceedings of the 3rd International Conference on Very Large Data Bases, Kyoto, 1977, pp. 236-243.

Hä87 Härder, T., et al.: PRIMA- a DBMSPrototype Supporting Engineering Applications,in: Proceedings ofthe 13th InternationalConference on VeryLarge Data Bases, Brighton,1987, pp. 433-442.

HHLM87Härder, T., Hübel, C., Langenfeld, S., Mitschang, B.: KUNICAD- ein datenbankgestütztes geometrisches Modellierungssystemfür Werkstücke, in: InformatikForschung und Entwicklung, Vol. 2, No. 1, 1987, pp. 1.-18.

HMP87 Härder, T., Mattos, N., Puppe, F.: Zur Kopplungvon Datenbank- und Expertensystemen, in:

State of the Art, Vol. 1, No. 3, 1987, pp. 23-34. Li80 Litwin,W.:LinearHashing - ANewAlgorithmforFiles and Table Addressing,in:Proceedings of the International Conference on Databases, Aberdeen, 1980, pp. 260-276.

Lo84 Lorie,R., et al.: SupportingComplexObjects ina RelationalSystem forEngineeringDatabases, in:QueryProcessing inDatabase Systems, ed.: Kim,W.,Reiner,D.S.,Batory,D.S.,Springer, Berlin Heidelberg New York Tokyo, 1984, S. 145-155.

Mi85 Mitschang, B.: Charakteristiken des Komplex-Objekt-Begriffsund Ansätze zu dessen Realisierung, in: Proceedings of the GI Conference on Database Systems in Office,Engineering, and Science Environments,Karlsruhe,ed.: A.Blaser,P. Pistor,Informatik-FachberichteNo.94, Springer, Berlin Heidelberg New York Tokyo, 1985, pp. 382-400.

Mi88 Mitschang,B.:The Molecule-AtomData Model,in:The PRIMAProject-Designand Implementationofa Non-StandardDatabase System, T.Härder(ed.), SFB124 Research ReportNo.26/ 88, University Kaiserslautern, 1988.

ML83 Meier,A.,Lorie,R.:ASurrogate Concept forEngineeringDatabases, in:Proceedings ofthe 9th International Conference on Very Large Data Bases, Florenz, 1983, pp. 30-32.

Mo81 Moss, J.E.B.:Nested Transactions: AnApproachto ReliableDistributedComputing,PhD Thesis, Department of ElectricalEngineering and Computer Science, Massachusetts Instituteof Technology, 1981.

NHS84 Nievergelt,J., Hinterberger,H.,Sevcik,K.C.:The GridFile:AnAdaptable,SymmetricMultikey File Structure, in: ACM Transactions on Database Systems, Vol. 9, No. 1, 1984, pp. 38-71.

Sch87 Schares, R.: Implementierungder Operationen auf permanenten und temporären Atom-Typen sowie auf Atomen, University Kaiserslautern, 1987.

Sch88 Schöning,H.:ThePRIMAData System: QueryProcessing ofMolecules,in:ThePRIMAProject - Design and Implementationof a Non-Standard Database System, T. Härder (ed.), SFB 124 Research Report No. 26/88, University Kaiserslautern, 1988.

Si85 Sikeler,A.:Untersuchungen vonSpeicherungsstrukturen für3-dimensionaleObjekte,SFB124 Research Report No. 19/85, University Kaiserslautern, 1985.

Si87a Sikeler,A.:EinAdressierungskonzeptzurUnterstützungder objekt-orientiertenVerarbeitungin PRIMA,in:Proceedings ofthe GIConference on Database Systems inOffice,Engineering,and Science Environments, Darmstadt, ed.: H.-J. Schek, G. Schlageter, Informatik-Fachberichte No. 136, Springer, Berlin Heidelberg New York Tokyo, 1985, pp. 487-491.

Si87b Sikeler,A.:Untersuchung von Verfahrenzur AdreßabbildunginPRIMA,in:AngewandteInformatik, Vol. 8/9, September 1987, pp. 358-368.

Si88 Sikeler,A.:BufferManagement ina Non-Standard Database System, in:The PRIMAProject - Designand Implementationofa Non-StandardDatabase System, T.Härder(ed.),SFB124 Research Report No. 26/88, University Kaiserslautern, March 1988.

Ta81 Tamminen,M.:The EXCELLMethodforEfficientGeometricAccess toData, ActaPolytechnica Scandinavica - Mathematicsand ComputerScience Series No.34, TechnicalUniversityHelsinki, 1981.

We87 Weber,B.:Implementierungeines einfachen VerwaltungssystemsfürdieMetadaten inPRIMA, University Kaiserslautern, 1987.

Wi87 Wintzheimer,V.:Zuordnungstabelleund Lineares VirtuellesHashing- Zweiverschiedene Verfahren zur Adreßabbildung in PRIMA, University Kaiserslautern, 1987.

WM85 Wybranietz,D.,Massar, R.:AnOverviewofLADY- ALanguage forthe ImplementationofDistributedOperating Systems, SFB 124 Research Report No. 11/85, UniversityKaiserslautern, 1985.

WS84 Weikum,G., Schek, H.J.: ArchitecturalIssues of Transaction Management in Multi-Layered Systems, in:Proceedings ofthe 10th InternationalConference on VeryLargeData Bases, Singapore, 1984, pp. 454-465.

Ya84 Yamaguchi, K. et al.: Octree-Related Data Structures and Algorithms,in: IEEE Computer Graphics and Applications, Vol. 4, No. 1, 1984, pp. 53-59.

Appendix : Operations offered by the basic version of the access system

CREATE_ATOM_TYPE IN: transaction identifier atom-type identifier OUT: returncode

DELETE_ATOM_TYPE IN: transaction identifier atom-type identifier OUT: returncode

EXPAND_ATOM_TYPE IN: transaction identifier atom-type identifier attribute-number list OUT: returncode

SHRINK_ATOM_TYPE IN: transaction identifier atom-type identifier attribute-number list OUT: returncode

INSERT_ATOM IN: transaction identifier atom-type identifier atom description attribute values OUT: atom identifier returncode

READ_ATOM IN: transaction identifier atom identifier atom description OUT: attribute values returncode

MODIFY_ATOM IN: transaction identifier atom identifier atom description attribute values OUT: returncode

DELETE_ATOM IN: transaction identifier atom identifier OUT: returncode

OPEN_SCAN IN: transaction identifier atom-type identifier atom description simple search argument sort criteria start/stop condition OUT: scan identifier returncode

READ_NEXT IN: transaction identifier scan identifier OUT: attribute values returncode

CLOSE_SCAN IN: transaction identifier scan identifier OUT: returncode

97

98

99

100