Buffer Management in a Non-Standard Database System

Andrea Sikeler University Kaiserslautern

Abstract

Advancedcomputerapplications(CAD/CAM,officeautomation,etc.) requirecomplexdata management functionswhichcannot be satisfiedbycurrentlyavailabledatabase systems (DBS).Therefore,so-called non-standard DBS(NDBS)attempt to satisfythese requirements by exploitingnew architecture and implementationconcepts. Aprimeconcept is the DBS-kernelarchitecturewhichconsists ofan applicationindependent DBS-kerneland an application-orientedlayer.Moreover,the DBS-kernelisdividedintomul-tiple layers representing differentlevels of abstraction. Each of these layers supports certain requirements of the non-standard applications needed at the chosen level of abstraction. This paper concentrates on the storage system as the lowest layer in such a layered architecture. The requirements at this levelofabstraction are outlinedand an appropriate interface is proposed. Newobjects and operations as wellas a transaction concept are introduced. Implementationaspects are discussed with respect to PRIMA, a prototype implementation of an DBS-kernel.

1. Introduction

Advancedcomputerapplicationssuch as officeautomation,geographicaldata processing orCAD/CAM require complexdata management functionswhichcannot be satisfied by currentlyavailable database systems (DBS)[Si80].Therefore,so-called non-standard DBS(NDBS)are under development.Theyattempttosatisfythose requirements byexploitingnewarchitectureand implementationconcepts. Aprime concept is the DBS-kernelarchitecturewhichconsists ofan application-independentDBS-kerneland an application-orientedlayer. Numerous papers are published justifyingthe kernel architecture approach, its benefits, and its key properties [Da86,HR85,Pa87]. Ourapproach foran DBS-kernelnamed PRIMA (prototype implementation of the molecule-atom data model) is described in more detail in [Hä87]. PRIMAis dividedintomultiplelayers representing differentlevels of abstraction (Fig.1).Each of these layers offers at its interface a number of objects and operations supportingcertain requirements of the non-standard applications needed at the chosen level of abstraction: • The DBS-kernel,i.e. the data system [Sch88]as the highest layer,offersat itsinterfacethe moleculeatom data model (MADmodel, [Mi88])- an extension of the relationalmodel, in particulara special formof the entity-relationshipmodel. MADsupports direct and symmetricmanagement of network structures as wellas recursion. Itprovides language constructs to dynamicallybuildcomplexobjects (molecules) on top of basic objects (atoms).

• The interfaceofthe access system [Si88a]is atom-oriented.Itsexpressiveness is similarto the interface of the Research Storage System (RSS, [As81]) of SYSTEM R [As76].

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

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

This paper deals withthe design and implementationof a storage system foran NDBS,especially for PRIMA.Atfirst,the requirements fora storage system willbe described indetail(chapter 2). These requirements are derivedfromthe particularneeds ofapplicationstobe supported and fromthe underlying hardware architecture available. Giventhe properties of the hardware architecture, itis useful to divide the storage system intoa filemanager (described inchapter 3) and a buffermanager. The design ofthe buffermanager is the central issue ofthe paper. Inchapter 4, we describe the buffer-managerinterface, i.e.the objects and operations at that interface,followedbyan outlineofthe transaction concept (locking, logging,and recovery)supported by the buffermanager (chapter 5). Implementationaspects willbe addressed in chapter 6. The paper concludes witha short summary and an outlookon current and future work.

2. Requirements for the Storage System

As in conventional DBS [Hä78] the storage system in PRIMA pursues two major tasks: • First,the storage system has to manage the database buffer.Thus, higherlayers, i.e. the access system, can manipulate the contents of the database withsimple machine instructions(such as COM- PARE, MOVE, etc.).

• Second, the storage system has to organize the external storage devices (disks)forthe entire database. Hence, it is responsible for the exchange of data between main storage and disk storage.

Inorder to facilitatethisdata exchange, the database is commonlydividedintopages ofequal size (generally512 to4096 bytes). Typically,the database bufferconsists ofpage frames ofthe same size [EH84]. So, the unit of data exchange is usually one page requested on demand. As a consequence, in most conventionalDBS(e.g. SYSTEMR [As76],UDS[UDS],etc.) the size ofthe objects manipulatedby the access system (records or tuples) is limited by the page size of the storage system.

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 buffer manager

file manager storage system access system data system application layer

P R I M A

Figure 1: Architecture of a non-standard database system

physical records

Thus, in these systems modelingof applicationobjects to be stored in the database must consider the page size. In commercialapplications objects are simple, they can be described by a single record of limitedsize (approximatelyless than 2000 bytes). The objects of non-standard applications, however, are generallymore complexand often composed ofother simpleor complexobjects (e.g. the boundary representation ofa solid[BB84,Mi85]).Even a simpleobjectcan be described byonlya fewbytes (such as a pointinCAD/CAMor geographic data processing) or by some Mbytes(such as an image inimage processing). Hence, all new data models forNDBS(NF2[SS86], extended relationalmodel [Lo84],or MAD[Mi88])includea data type LONGFIELD,BYTEVAR,etc. forverylongattributes.Furthermore,all these models offerthe possibilityto buildcomplex objects, either in a static or dynamic manner. As a consequence, such concepts must be supported both bythe access system and bythe storage system. The access system shouldbe able to handle records spanning twooreven more pages. Itshouldcluster allrecords describing one complexobject intoone or more pages [DPS86, HR85].For that purpose, it should be possible to define a set of pages. These page sets should be treated by the storage system as a single page, i.e. the page set as a whole is transferred fromand to the database buffer(e.g. by chained I/O).Inaddition,itseems usefulto support differentpage sizes. Then the page size may be definedin order to approximate the record size, and many synchronizationconflictsat the page levelcan be avoided.Furthermore,pages have tobe created and deleted dynamicallytoadapt the numberofpages to the current amount of data, thus, allowing for dynamic growth and shrinking of segments. These three requirements forthe storage system (dynamiccreationand deletionofpages, differentpage sizes, and page sets) apply to allNDBS(DASDBS[Pa84], etc.). However,twoadditionalrequirements for the PRIMA storage system result from special characteristics of the PRIMA access system [Si88a]: • Itshould be possible not onlyto make a predefined page set but also an arbitraryset ofpages available byone storage system operation.Such a feature, forinstance, greatlysimplifiesthe construction of complex objects in a dynamic manner.

• he access system may redundantlystore a simpleobject (record)inseveral pages. For retrieval,any ofthese pages may be selected. Hence, the storage system can choose the page withminimumcost (considering data exchange and synchronization needs).

Summarizingthe above introduced concepts, the followingmain requirements for the PRIMAstorage system can be stated:

- dynamic creation and deletion of pages - different page sizes - predefined page sets supported by physical clustering - arbitrary page sets - selection of an arbitrary page from a page set.

In order to satisfy these requirements the storage system is dividedintoa filemanager organizingthe external devices and intoa buffermanager maintainingthe database buffer.InPRIMA,the filemanager ofthe underlyingoperatingsystem is used (chapter 3)whichmanages itsownfile"cache".AsinconventionalDBS,thiscache cannot be used directlyas database bufferfordifferentreasons [CHMS87,EH84, St81]:

- Access overhead is too high. - Replacement decisions in the file cache may not be optimal. - Selective flushing of pages to disk is not possible.

InPRIMA,a criticalsource ofthe highaccess overhead especiallyresults fromthe underlyinghardware architecture(Fig.2) using looselycoupled processors [HR86].Onlyone ofthese processors has access to external devices, thus, the filemanager has to run on this processor. The application-orientedlayer willalso run on a single processor, whilethe remainingpart ofPRIMA,i.e. the data system and the access system, is intended to run on multipleprocessors to exploitparallelismfordatabase management work.Tosimulatethe infinitelinearaddress spaces forthe access system, each ofthese processors has tohave a buffermanager, responsible forthe correspondingdatabase buffer.Unfortunately,thissolution leads toa bufferinvalidationproblemknownfromthe fieldofDB-sharingsystems [Ra86]:Multiplecopies ofa database page may reside indifferentbufferssimultaneously.Thus, modificationofany copy invalidates allother copies. Since access to obsolete data has to be avoided, modifiedpages have to be exchanged among processors. There are many solutionsto the bufferinvalidationproblemin DB-sharing systems [Ra86]whichare also applicable for PRIMA.The one chosen for PRIMAwillbe described in chapter 4.

3. The File Manager

The filemanager used in PRIMAis part of the underlyingdistributedoperating system DISTOS,developed at the Universityof Kaiserslautern [Ne87].It offers operations on files,blocks, and clusters at its interface [Fr87].

Operations on Files

The operations on filescompriseofmeans tocreate ordelete a file,toopen orclose a file,and toexpand or shrinka file.When creating a fileone has to specifya filename, a blocksize, a number ofblocksfor

file manager application layer

Figure 2: Hardware architecture

buffer manager access system data system

buffer manager access system data system

buffer manager access system data system

firstallocation,and a disk group. Atpresent, fivedifferentblocksizes are available: 1/2, 1, 2, 4 and 8 kbytes. The blocksize is kept fixedduringthe lifetimeofa file.The parameter ’diskgroup’allowsforseparate storage offileson differentexternal devices. Thisfeature can be used forexample to separate the logfileand the originalfileon differentdisks. The specifiednumber ofblocksare allocated and logically numbered starting withblocknumber 1. Anunique fileidentifieris assigned to the created file.This file identifierhas to be used by most of the operations to identifythe current file.To expand a file,the file manager offerstwodifferentoperations: "create-blocks"allocates new blockswithoutchanging the logicalblocknumbers ofexistingblocks.The logicalblocknumbers ofdeleted blocksare reused or the new blocksare appended at the end ofthe file.Ifconsecutive logicalblocknumbers are needed, the parameter ’consecutive’must be set ’true’.The operation "insert-blocks",however,allocates new blocksby inserting blocks after a specified block. The logicalblock numbers of existing blocks may be changed. Whendeletingblocks,itis possible todelete a sequence ofblocksstartingbythe specifiedblocknumber or to delete individualblocksidentifiedbytheirblocknumber. The blocknumbers ofother blocksare not modified.To prevent gaps, the filemay be renumbered. Anadditionaloperation is to copy blocks from one file to another.

Operations on Blocks

The filemanager supports directaccess to the blocksofa file.Itis possible to read as wellas to writean arbitrarynumber of single blocks identifiedby their block number, a sequence of blocks starting by a specifiedblocknumber, and the wholefile.The "write"operation may allocate new blocksautomatically if necessary. Thus, the operations on blocks are set-oriented.

Operations on Clusters

The logicalnumberingofblocks ofa filedoes not correspond to the physicalorderingon disk since the blocks of a filemay be spread over the whole disk. This may result in an inefficientaccess to a set of blocks.Hence, the filemanager offersways to cluster blocks.Allblocksbelongingto a cluster are stored on disk in such a way that an efficientaccess to the wholecluster is feasible, e.g. by chained I/O.The operations on clusters are to create or delete a cluster, to insert blocksintoa cluster or to remove blocks froma cluster,and to read a cluster.Aspecial operationforwritinga clusterdoes notexist.Inthe current implementation of the file manager writing a cluster corresponds to writing a set of blocks.

4. The Interface of the Buffer Manager

Based on the objects and operations ofthe above introducedfilemanager the buffermanager provides a number of"infinite"linearaddress spaces bymanaging a database buffer.AsinconventionalDBS,the database is dividedintovarioussegments consistingofa set ofpages. Additionally,page sequences are introducedas a special cluster mechanism withina segment. Inthe following,each ofthese objects together with the corresponding operations are described in more detail.

4.1 Segments Segments are linear address spaces consisting of a set of logicallyordered pages. Each segment can be described by a set of parameters which establish its characteristics:

segment number and segment name Bothsegment numberand segment name are used foridentificationpurposes. The segment name is set by the "user", i.e. the access system, whereas the segment number is set by the buffer manager itself.

page size The page size ofa segment can be 1/2,1, 2, 4 or8 kbytesdepending on the blocksizes ofthe underlying filemanager. Allpages ofa segment are ofequal size whichis kept fixedduringthe lifetimeofthe segment.

segment type The segment type encodes additionalcharacteristics of a segment, each describing it in more detail [Hä78]: • The lifetimeof a segment distinguishes between permanent segments as part of the database and temporary segments as workingstorage. The latter are deleted automatically,either by shutdown of PRIMAor at the end of the current transaction, i.e. the transaction creating the temporary segment. Whether both possibilitiesare necessary depends on the requirements of the access system. At present both are supported.

• The kindofusage distinguishesbetween publicand privatesegments. Apublicsegment can be used concurrentlyby allusers ofthe buffermanager whereas a privatesegment can be used onlyby one user at a time. A user corresponds to a transaction at the level of the buffer manager (chapter 5).

• The thirdcharacteristic affects the recovery mechanism used in the case of a failure(system crash, transaction abort, etc.). Recovery can be performedautomaticallyby the system, i.e. the buffermanager (chapter 5),orexplicitlybythe user, i.e.the access system. Whetherbothfeatures are necessary depends on the recovery concept of the higher layers. Therefore, firstthe buffermanager onlysupports automatic recovery of all segments.

These three characteristics are also used inother DBS(e.g. SYSTEMR [Hä78])to buildsegment types. The fourthcharacteristic, however, is characteristic forPRIMA.In PRIMA,the buffermanager includes the segment-internalfreeplace administration(FPA).Forthatpurpose, each segment contains a number of so-called FPApages, each containingthe free place informationfora fixednumber of "normal"data pages. Inother words, the FPApages store an FPAentry foreach data page ofthe segment indicating the number offree bytes forthe page. Withina segment the FPApages can be located indifferentways (Fig. 3): 1. AllFPApages are located at the beginningofthe segment. Thisapproach is onlyuseful,ifsegments are not dynamicor, alternatively,ifallnecessary FPApages can be located at creation timeof the segment. Otherwise, expanding or shrinking of the segment implies relocation of data.

2. The FPApages are distributedover the segment insuch a waythat every FPApage is followedby n data pages. Hence, the current number ofFPApages can be adapted exactlyto the current size ofthe segment. Asa consequence, address space mappingbecomes morecomplicated.Data structures and algorithmssuch as database key translation tables or hashing, whichneed consecutive page numbers, have to consider the intermediate FPA pages.

3. AllFPA pages are located at the end of the segment. The current number of FPA pages can also be adapted tothe currentsize ofthe segment. Furthermore,alldata pages receive consecutive page numbers. However,the contents of the FPA pages have to be moved or the corresponding pages have to be renamed when a segment grows or shrinks.

• Thus, the fourthcharacteristic encoded inthe segment type describes the way to locate FPApages.

The firstofthe above ideas does notseem appropriate.Therefore,onlyalternativestwoand three are considered.

All parameters of a segment are summarized in Fig. 4.

Operations on Segments

FPA pages

data pages

FPA page

data pages

FPA page

data pages

FPA page

data pages

FPA pages data pages

Figure 3: Grouping of the FPA pages

Firstofalla segment can be initialized.The segment and the correspondingfileare created and the necessary FPApages are initialized.The parameters ofINIT-SEGMENTcorrespond to the parameters ofa segment, described above, plus a number forfirstpage allocation.Allparameters are inputparameters except the segment number whichis set bythe buffermanager. The number forfirstpage allocationcorresponds to the number of data pages. The corresponding number of FPApages is determined by the buffermanager, and the FPAentries of alldata pages are initializedwiththe maximumnumber of free bytes depending on the page size. Allsegment parameters needed forfurtheroperations on thissegment are stored as meta information.Thismeta informationis managed together withthe meta informationof the other layers by a special component [We87]. The operation DELETE-SEGMENTreleases the corresponding fileand deletes the meta informationof the segment. The segment is identified by the segment number. InNDBSsegments should be dynamic.Thisis achieved by the operation GET-FREE-PLACEthat automaticallyallocates new pages ifthe requested number offree bytes cannot be satisfied by existingpages. The operation either returns a single page number or a set ofpage numbers depending on whether the requested number offree bytes can be satisfiedwithinone page (i.e.request number offree bytes £ maximumnumber offree bytes withina page). Ifthe segment inquestion is "consecutive",i.e. the FPA pages are located at the end of the segment, then the returned set of pages builda logicalcontinuous address space. Otherwise,the returned pages are spread overthe wholesegment. Ifa set ofpage numbers is returned the corresponding data pages are empty. Otherwise, the page may contain data. To determine the page number returned by GET-FREE-PLACEthe FPA entries are used. Hence, the free place informationinthe FPAentries is always assumed to be up-to-date. There are differentoperationsto modifythe FPAentryofa certain page. MODIFY-FPAoverwritesthe existingvalue whereas IN- CREMENT-FPAand DECREMENT-FPAalterthe existingvalue bya specifiedvalue. Whena data page becomes empty,i.e. the FPAentrygets a value equal to the maximumnumber offree bytes forthe corresponding page size, that page can be deleted. Inorder to avoidseparate management ofdeleted pages, pages are onlydeleted iftheyreside at the end ofa segment. Allother emptypages withina segment are managed by the free place administration,they are reused by GET-FREE-PLACE.Inthe case ofa

Figure 4: Parameters of a segment

segment number segment name page size 512 bytes 1024 bytes 2048 bytes 4096 bytes 8192 bytes

segment type

lifetime permanent temporary - end of transaction temporary - system shutdown kind of usage private public recovery mechanism automatic grouping of FPA pages spread over the segment consecutive at the end of the segment parameter possible values

consecutive segment, deleting a single page causes some overhead for rearranging the FPA pages. Therefore, empty pages are deleted only if there is a certain number of pages to be deleted. Segments are opened implicitlyby the firstoperation on them, and they are closed implicitlyby system shutdown. Therefore, no corresponding operations are offered at the buffer-manager interface.

4.2 Pages As already mentioned, segments are dividedintopages ofequal size. Each ofthese pages is identified bya page numberuniquewithinthe segment. Twodifferentpage types can be distinguished:FPApages and data pages. FPApages are used onlyforfree place administration(FPA).As the FPAis integrated intothe buffermanager these pages are notavailableoutside the buffermanager. Data pages, however, are used bythe access system to store "user objects",i.e. physicalrecords, address information,access path entries, and so on. Therefore, the contents of an FPA page are handled by the buffermanager, whereas the contents of a data page are unknownto it withthe exception of the page header and the page-internalfree place information.The page header as wellas the free place informationare initialized by the buffermanager along withthe firstaccess to a page. Furthermore, the page header is used for errordetection[Kü85]bycheckingthe page header whetherthe rightpage was deliveredbythe filemanager. Forthispurpose, each page header contains the segment numberand the page numberofthe corresponding page (Fig.5). Using the page type the buffermanager can prevent FPA pages frombeing read by the access system. The page size as wellas the remainingpart of the page header, however, are used by the access system. The page internalfree place informationconsists ofthe current number offree bytes withinthe page as wellas the start address ofthe free place (Fig.5). These twovalues are initialized by the buffer manager and maintained by the access system.

Operations on Pages

The FIX-PAGEoperationasks the buffermanager tolocate the correspondingpage inthe database buffer or to fetchitfromexternal storage ifitis not yet inthe buffer,and to fixitinthe buffer.Nowthe access system can execute machine instructionson "user objects"stored inthe page up toa correspondingUN- FIX-PAGE operation. The parameters of the FIX-PAGEoperation are the segment number and the page number, whichare used foridentificationpurposes, and the fixmode. The fixmode indicates whether the access system wants to read or to writethe requested page. Moreover,itis used to lockthe page inthe corresponding mode (chapter 5). Asa result ofthe FIX-PAGEoperation the address ofthe page inthe database buffer is returned. The parameters of the UNFIX-PAGEoperation are the segment number and the page number as well as a CHANGEDbitand an UNLOCKbit.TheCHANGEDbitindicateswhetherornota page withfixmode WRITEwas actuallymodified.Ifnot, the page does not need to be writtenback to the database. The UNLOCKbitindicates that the corresponding page lockcan be released before the end of transaction (chapter 5). This feature is mandatory for some parallel algorithms on access path structures [Sh84]. The actions performedbythe buffermanager fora FIX-PAGEand an UNFIX-PAGEoperationas wellas the underlying transaction concept are described in more detail in chapter 5.

4.3 Page Sequences One of the demands on the buffermanagement in an NDBSis a mechanism to define a page set supported by physicalclustering(chapter 2). To satisfythis requirement page sequences are introduced.A page sequence is a set oflogicalconsecutive pages ofa segment whichcontain(fromthe view-pointof the access system) one single "user object"spanning these pages. Apage sequence consists of a socalled header page and one or more component pages (Fig.6). The header page contains the general page header and the free place informationas wellas a so-called page-sequence header. This pagesequence header is a variable-lengthlistofallpages (page numbers) belongingto the page sequence. Furthermore, the header page may contain a part of the "user object".To support physicalclusteringa page sequence corresponds to a cluster at the file level (chapter 3).

Operations on Page Sequences

Page sequences must be created, expanded, reduced, and deleted by special operations. When creating a page sequence the header page and the component pages have to be specified. Each page sequence is assigned a page-sequence number identifyingthe page sequence withinthe segment. This page-sequence number corresponds to the page number of the header page. Hence, the header page cannot be removed fromthe page sequence. When reducing the page sequence itis automaticallydeleted when the number of component pages becomes zero. Therefore, the management of the pagesequence header is integrated intothe buffermanager. Ifthe page-sequence header cannot be modified because there is not enough free place withinthe header page, the corresponding operation (create or expand) willbe rejected. Furthermore,the page-sequence number is added to the page header (Fig.5) ofeach page belongingto a page sequence. Therefore, itis easy to check that a page can onlybelong to exactly one page sequence. Toprovidea page sequence the operations FIX-PAGE-SEQUENCEand UNFIX-PAGE-SEQUENCEare used. For a FIX-PAGE-SEQUENCEoperation the buffermanager has to fixthe wholepage sequence inthe database buffer,i.e. allpages belongingto the page sequence. The pages ofthe page sequence are distributedover the database buffer.That means, the page sequence does not buildone contiguous linear address space withinthe buffer,and the access system must be aware of the page boundaries. As the result of the FIX-PAGE-SEQUENCEoperation the buffer manager returns the address of the header page and the addresses of the component pages. AnUNFIX-PAGE-SEQUENCEoperation releases allpages belongingto the corresponding page sequence. Usingthe UNCHANGEDbitforeach of the pages the access system can indicate which of the pages were actually modified.

occupied part (data or FPA entries)

free part page header FPA info page header = record segment number (2 byte) page number (3 byte) page size (2 byte) page type (1 byte) virtual page number (3 byte) not used (5 byte) end FPA info = record number of free bytes (2 byte) beginning of free part (2 byte) end

Figure 5: Internal structure of a page

4.4 Page Sets and Page Contests Since not onlypredefined page sets are required by the access system, the buffermanager offersthree operations to handle an arbitrarypage set. The firstoperation FIX-PAGE-SETfixesallspecified pages and page sequences inthe database buffer.Inother words,thisoperationis justa shorthand fora number of subsequent FIX-PAGE/FIX-PAGE-SEQUENCEoperations. As an additional parameter the PAGE-TYPE bit indicates for each page number whether it addresses a page or a page sequence. Correspondingly,the second operation FIX-ONE-PAGEfixes onlyone of the specified pages or page sequences. Therefore, the buffer manager selects the page (page sequence) that causes minimum costs, i.e. the buffer manager performs a "page contest". The selection criteria are: • Pages (page sequences) are not locked by another transaction. • Pages (page sequences) are already located in the database buffer. • Pages are cheaper than page sequences. • Small pages are less expensive than larger ones. The thirdoperationUNFIX-PAGE-SETcorresponds tothe FIX-PAGE-SEToperation.Allspecifiedpages and page sequences are released and the corresponding CHANGED and UNLOCK bits are evaluated. So far,the objects and operations at the buffer-managerinterfacehave been outlined.Inthe next chapter, the underlyingtransactionconcept (locking,logging,and recovery)isdiscussed, whichintegrates the operations BEGIN-OF-TRANSACTION,END-OF-TRANSACTION,and ABORT-TRANSACTIONinto the buffermanager. Furthermore,the actions performedbysome ofthe above operations are described in more detail.

5. The Transaction Concept

The operations at the buffermanager interfaceare embedded ina transaction concept [CP88]following the ACID principle [HR83]:

page header FPA info page header FPA info page header FPA info page header FPA info page-sequence header

Figure 6: Page sequence

page-sequence header = record number of pages (1 byte) array [1 .. number of pages] of page number (3 byte per page) end

• atomicity: Either all or none of the modified pages are in the database. • consistency: Consistency depends on the assumption that each transaction reaching itsnormalend does onlylegal things. That means, the committedresults ofa transaction always preserve the consistency of the database.

• isolation: The modificationsofa transaction are independent ofallother transactions runningin parallel.

• durability: Allmodificationsofa successfullyfinishedtransactionsurviveany subsequent malfunction (system crash etc.).

The mechanisms used in the buffermanager to guarantee these properties willbe described in the followingsections. Forthat purpose, itis necessary to explainthe actions performedbythe FIXand UNFIX operations in more detail.

5.1 Details of the FIX and UNFIX Operations The actions whichthe buffermanager has tocarryoutare alwaysthe same forallkindsofFIXoperations (FIX-PAGE, FIX-PAGE-SEQUENCE, etc.) [EH84]: • The bufferis searched forthe page, the page sequence, or the page set and the correspondingpage or pages are located.

• Ifthe page (pages) is not inthe buffer,a replacement algorithmtogether witha bufferallocationpolicy determines a bufferframeforthe page. "Old"pages inthat bufferframes have to be replaced. Allpreviouslymodifiedpages selected forreplacement have to be writtenback to diskbefore the requested page (pages) can be located in the buffer frame.

• The requested page (pages) is fixedin the bufferand the address of the bufferframe (frames) is returned to the access system.

There are differentsearch strategies to determine whether a requested page is already in the buffer [EH84].One ofthe most efficientis searching viaa hash table. The hash algorithmtransformsa segment number and a page number intoa displacement ina page table where an entrydescribingthe page and its current positioninthe buffercan be found(Fig.7). The page table is dividedintoa primarypart containing"home"entries and a secondary part containingoverflowentries chained to theircorresponding "home" entry. InconventionalDBSthe currentpositionofa page corresponds to the number ofthe bufferframewhere the page can be found.To minimizebufferfragmentation,alldatabase pages are ofequal size, the database bufferconsists offrames ofthe same size, and each page occupies exactlyone frame.Thus, only one page has to be replaced. The PRIMAbuffermanager, however, supports pages of differentsize. Hence, either the database bufferhas to be organized inanother wayor the replacement algorithmhas to be modified in such a way that it considers different page sizes. Aspecial organizationofthe database bufferis to divideitintodifferentpartitionsaccordingto the number ofpossible page sizes orframesizes [Pa84].Torestrictthe number ofpartitionsa significantnumber ofpage sizes shouldbe selected. Hence, the same bufferallocationpoliciesand replacement algorithms as inconventionalsystems can be used foreach partition.The onlyproblemleftis todefinethe "optimal" size ofeach partitionforminimizingthe globalbufferfaultrate. Asthisdepends on the currentworkload, it seems useful to start with predefined partition sizes and to adapt them dynamically.

Anotherwayto deal withdifferentpage sizes is to modifya well-knownreplacement algorithmor to design a new one. InPRIMA,the firstpossibilitywas chosen. The new algorithmVAR-PAGE-LRU[Si88b] is based on the well-knownLRU(least recentlyused) algorithm.For simplificationwe assume a global bufferallocationstrategy, i.e.allpages whichare notfixedat replacement timecan be taken intoaccount by the replacement algorithm.A combinationof VAR-PAGE-LRUwithother buffer allocationpolicies [EH84](transaction oriented or page-type oriented)is not planned forthe moment but seems to be very interesting for future research.

VAR-PAGE-LRU[Mi86, Si88b]

VAR-PAGE-LRUwas designed fora (database) bufferdividedintoframes of equal size and forpages of differentsizes whichare a multipleof the frame size. Itis useful to restrictthe page size to the one-, two-,fourfoldetc. ofthe framesize toavoidserious fragmentationofthe buffer.Hence, inPRIMAa frame size of512 bytes (the smallest blocksize offeredby the filemanager) and page sizes of1/2, 1, 2, 4 and 8 kbytes were chosen in order to store each page in multiple consecutive frames. The data structures used byVAR-PAGE-LRUare an LRU-chainand a so-calledfree-list.The LRU-chain contains all entries of the page table where the corresponding page is unfixed.The entries are sorted according to the time of the last unfixoperation on the page. So, "least recentlyused" is interpreted as "least recentlyunfixed"and not as "least recentlyreferenced" [EH84].The beginningand the end ofthe LRU-chainare indicatedby LRU-FIRSTand LRU-LAST,respectively.The free-listis a bitlistcontaining one bitforeach bufferframe.Thisbitindicates whetherthe correspondingframeis free ("1")oroccupied ("0").Occupiedmeans that the frameitselfor a consecutive number offrames itbelongs to represents a page witha correspondingentryinthe page table, whereas free means that the frame contains a part of a previouslyreplaced page. Free bufferframes may result froma page being replaced bya smallerone. So, the firststep of VAR-PAGE-LRUis to search the free-listfora number of consecutive free frames sufficientforthe requested page. Ifsuch a sequence exists no page has to be replaced. Otherwise,the replacement algorithmstarts to determine one or more consecutive pages withinthe bufferwhichthen have to be replaced to get enough free place (perhaps in combinationwithfree bufferframes) for the requested page. The algorithm works in two steps:

1. Searching for a sufficient range of free frames (Fig. 8) Ina firststep the LRU-chainis searched, startingwiththe "oldest"page, untilenough consecutive pages are foundto satisfy the request. For this purpose, a second bitlist,the so-called work-list,is necessary. This work-listis used to simulate the behaviour of the free-listby testing the consequences of freeing more than one page before actuallydoing so. Hence, the work-listis initializedby the current free-list. Then the LRU-chainis searched. For each page ithas to be examined whether the frames occupied by the page, perhaps together withneighbouringfree frames fromthe free-list,are sufficientforthe requested page. Inthiscase, itis the onlypage tobe replaced, and the algorithmstops. The same check is done withthe work-list,and the algorithmturns over to the second step ifthere is enough space. Otherwise, the frames occupiedbythat page are marked as free inthe work-list,and the nextpage ofthe LRU-chain is examined.

2. Searching for a set of pages to be replaced (Fig. 9) The second step is onlynecessary whenmore than one page must be replaced. The space accumulated inthe work-listcan be largerthan the space needed, butreplacement shouldselect onlya minimumnumber of pages and it should preserve the LRUproperty. Thus, actual replacement proceeds backwards throughthe LRU-chain.Each page is examined whetheritsframes correspond tothe free frames detected inthe firststep. Inthiscase, itis checked whetherthe page is reallynecessary tobuildthe free frames sufficientforthe requested page. Ifnot,the page is deleted fromthe work-listbymarkingthe correspondingbufferframes as occupied,and the algorithmcontinues withthe remainingnumberoffree frames and the next page ofthe LRU-chain.Otherwise,the page is put on a listcontainingallpages to be replaced and the algorithm goes on with the next page. This kind of procedure achieves that: 1. the number of pages to be replaced is as small as possible, and 2. the pages being replaced are as old as possible. Fig.9 shows an example ofVAR-PAGE-LRUprocessing. The requested page needs 16 bufferframes. Duringthe firststep ofthe algorithmpages f,b, e, g, c, and d are added to the work-listinthe givenorder (Fig. 8c). The firststep stops withpage d as includingthis page results in a number of 20 free buffer frames. Duringthe second step the pages are examined inthe other direction(d, c, g, e, b, f).Page d is always put on the listcontainingall pages to be replaced. Page c is removed fromthe work-listas the remainingnumber of 17 free frames is stillsufficient.As a side effect page b fallsout of the remaining number ofexamined free frames. Pages g, e, and fare put on the list,too. Page b may be dropped immediately. The algorithmVAR-PAGE-LRUhas been implementedinPL/1and has been tested by differentlogical reference strings from CODASYLDBMSapplications. Therefore, the differentpage sizes have been generated randomly.Theresults regardingbufferfaultrate, bufferoccupancy, etc. seem tobe verypromising [Mi86, Si88b]. Hence, it was decided to integrate the algorithm into the buffer manager.

page number page size frame number fix mode ta chaining number of readers changed bit hash overflow lru predecessor lru successor segment number

Sj Pj

Si Pi h (Si, Pi) = PT(k)

primary part

secondary part free

0

n

Figure 7: Page table

The algorithmVAR-PAGE-LRUdetermines all pages to be replaced. Those pages which have been modifiedare writtenback to disk,the requested page is read intothe providedbufferarea, and the freelist is modified according to the number of frames occupied by the page. The actions whichare necessary fora FIXoperation are rather complex.The actions performedforan UNFIXoperation(UNFIX-PAGE,UNFIX-PAGE-SEQUENCE,UNFIX-PAGE-SET),however,are simple. The page entry ofthe corresponding page (or pages) is put on the LRU-chainifthere is no other transaction fixing one of these pages.

5.2 Synchronization Asalready mentionedthe operations at the buffer-managerinterfaceare embedded ina transaction concept followingthe ACIDprinciple[HR83].Toguarantee the thirdproperty,i.e.the isolationoftransactions running in parallel, transactions have to be synchronized. The internalstructure ofPRIMAis comparable to that ofa DB-sharingsystem where some looselycoupled processors each equipped withits owndatabase buffershare a commondatabase on disk[HR86]. Hence, similarsynchronizationprotocolsare possible. [Ra86]gives an overviewofconceivable concurrency controlalgorithmsadapted to that environment.Itcan be distinguishedbetween lockingand optimistic methods as well as between centralized and distributed solutions.

... 1000001100001110000100000 ...

aabcc dddd eeee fgghh free-list

occupied by page

LRU-chain back

next

LRU-LAST (oldest element)

LRU-FIRST (youngest element) f b e g c d

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

f

b

eeee

..... 1000001100001110000100000 .....

..... 1000001100001110000110000 .....

..... 1001001100001110000110000 ..... f

b f

b

e

b) searching for 8 subsequent free buffer frames: replace page e

LRU-chain free-list work-list

INITIALIZE

Figure 8 a and b: First step of VAR-PAGE-LRU

a) starting point

The algorithmchosen forthe buffermanager of PRIMAis a lockingmethod (RXlocking)witha central lockmanager [Ch87].The communicationoverhead that arises when each lockrequest is sent to the central lockmanager couldbe enormous. Therefore,the central lockmanager is supported bylocallock managers located in each processor. These locallockmanagers are given the authorityto handle lock requests forcertainpages locally.Alocallockmanager receives the writelockauthorityfora page when there is no other lockrequest fromanother locallockmanager forthat page. Whileitowns this authority itcan handle writerequests as wellas read requests locally("soleinterest").Itloses this authoritywhen there isa lockrequest (read orwrite)fromanother locallockmanager. Thenthe authorityispassed either tothe centrallockmanager ortothe otherlocallockmanager whenthe correspondingpage isnotlocked. Aread lockauthorityis passed to each locallockmanager requesting a read lockas longas there is no writelockrequest. Whilea locallockmanager owns the read lockauthorityfora certain page itcan handle allread lockrequests forthe page locallywhereas a writelockrequest has to be sent to the central lockmanager. When there is a writelockrequest, allread lockauthoritiesare removed and the lockrequests are handled by the central lock manager. The solutionof the bufferinvalidationproblem (see chapter 2) can be integrated into this concurrency controlalgorithm[CS85].The bufferinvalidationstems fromthe existence of a localdatabase bufferon each processor. Multiplecopies ofa page may reside invarious buffersat any time.Thus, modification ofany copyinvalidatesallother copies. For the solutionofthis problema so-called invalidationvectoris introducedbeing attached to the lockcontrolblockofeach page. Itindicates foreach ofthe present database bufferswhether a validor obsolete copy ofthe page may reside inthe buffer.Thisinformationis evaluated and maintainedat each lockrequest to the centrallockmanager. Ifa lockrequest can be handledlocally,the present copyofthat page must be valid.Aproblemarises ifthere is no copyinthe buffer.

c

d gg

cc

dddd

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

f

b

eeee

..... 1000001100001110000100000 .....

..... 1000001100001110000110000 .....

..... 1001001100001110000110000 ..... f

b

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

..... 1000001100001110000100000 .....

gg

cc

..... 1001001100001111111110000 .....

eeee

..... 1001001100001111111111100 .....

..... 1001111100001111111111100 .....

..... 1001111111111111111111100 .....

dddd g

c) searching for 16 subsequent free buffer frames: turn over to step 2 f

b

e

LRU-chain free-list work-list

INITIALIZE

Figure 8 c: First step of VAR-PAGE-LRU

In this case the corresponding page has to be requested either fromthe filemanager, i.e. fromdisk, or fromanother buffermanager. Whether or not both ways are possible stronglydepends on the method as to how modifiedpages are treated at end of transaction (FORCE or NOFORCE[HR83]).Witha FORCEstrategy allmodificationsofa transaction have to be writtentodiskat end oftransaction. Hence, a validcopy of a page can always be read fromdisk. On the other hand, using a NOFORCEstrategy, the validcopyofa page may reside inany bufferwhereas the copyon diskmay be obsolete. Hence, the locallockmanager receives the invalidationvector(and so the informationwhichbuffermayhave a valid copy ofthe page) together withthe corresponding lockauthority.Therefore,a validcopy has to be read from one of the local buffers or, when the page does not reside in any buffer, from disk.

c d

..... 1001001111111111111111100 .....

..... 1001001111111111111111100 .....

f b gg cc

..... 1001001101111111111111100 .....

eeee

..... 1001001111111111111111100 .....

..... 1001001111111111111111100 .....

..... 1001111111111111111111100 .....

dddd

g

f b e work-list

d

g

f e c

b old replace-list LRU-chain

b) VAR-PAGELRU stops with pages f, e, g, d to be replaced

... 10011111111111111111111100 ...

bcc dddd eeee fgg work-list

occupied by page

LRU-chain back

next

LRU-LAST (oldest element)

LRU-FIRST (youngest element) f b e g c d

ACTUAL-PAGE

replace-list

a) starting scenario (see Fig. 8c)

Figure 9: Second step of VAR-PAGE-LRU

LRU-chain new

The firstaction duringthe execution of a fixoperation is a lockrequest to the local lockmanager. The lockmode (read (R) or write(X))corresponds to the fixmode specified in the operation. The operation and also the transaction are blockeduntilthe lockis granted. Then the buffermanager knowswhether a present copy of the page is valid or from where a valid copy has to be read. Followingthe two phase commitprotocolall locks of a transaction are released at end of transaction. Therefore, the complete isolation of concurrent transactions is guaranteed. However,this complete isolationcan be violatedsince the UNLOCKbitofan UNFIXoperation can indicate that the corresponding page lockshould be released immediately.In this case the callingcomponent, i.e. the access system, has to guarantee that the page is consistent no matter whether or not the transaction is successful. That means, ifthe transaction is not successful the page cannot be replaced by its old contents as there may be other transactions whichhave already read the new contents. One possible and fruitfulapplicationofthisearlylockrelease are the parallelalgorithmson access path structures, e.g. on B-trees, introduced by [Sh84].

5.3 Logging and Recovery Loggingand recoveryconcepts are necessary toguarantee twoimportanttransactionproperties,i.e.atomicity and durability. The corresponding concepts depend on two different aspects [HR83]: 1. Which types of failure may occur ? 2. Which strategy will be used to handle modified pages ? There are three different types of failure, but only two are considered in the buffer manager:

Transaction Failure

Atransaction may not reach its normalend (commit)and has to be rolledback either on its ownrequest (operationABORT-TRANSACTIONat the buffer-managerinterface)or on behalf ofthe buffermanager itself(especiallydue to deadlocks). Toguarantee atomicityallmodificationsofsuch a transaction written to the database have to be removed.

System Failure

Asystem failurecan occur ifthere is a bug inthe NDBScode itselfor ifthere is a bug inthe underlying operating system or hardware. In these cases alltransactions whichhave not yet reached theirnormal end have tobe rolledback toguarantee atomicity.Onthe otherhand, the modificationsofalltransactions which have already reached their normal end must "survive".

Media Failure

Amedia failureoccurs ifsome or allofthe secondary storage (disks)holdingthe database is lost. This type of failure will not be considered here. To cope with such failures, four different recovery actions can be distinguished: • transaction UNDO (R1 recovery): to undo a single transaction during a transaction failure • partial REDO(R2recovery):to redo alltransactions duringa system failurewhichhave reached their normal end • global UNDO(R3 recovery): to undo all transactions during a system failure which have not yet reached their normal end • global REDO (R4 recovery): during a media failure Foreach ofthese recoveryactions special loginformationis necessary, depending on the strategy used to handle modifiedpages [HR83].The criteriacharacterizing this are the update propagation strategy (ATOMICorNOTATOMIC),the page replacement strategy (STEALorNOSTEAL),and the end oftransaction processing (FORCE or NOFORCE).In a first version of the buffer manager a NOTATOMIC- STEAL-FORCE strategy should be pursued:

NOTATOMIC

Each page ofa segment is related exactlyto one blockofthe corresponding file.Writingor propagating a modifiedpage to the database causes an update-in-place. The old image of the page on disk is lost, i.e. replaced by the modified contents.

STEAL

Modifiedpages ofa transaction can be replaced duringthe executionofthe transaction. Combinedwith a NOTATOMICpolicypages on disk can be modifiedat arbitrarypoints of time, even for incomplete transactions.

FORCE

All modified pages of a transaction have to be written back to the database at end of transaction. Incase ofa FORCEpolicyno REDOrecovery,i.e. partialREDO,is necessary, whereas incase ofNO- TATOMICand STEALUNDOrecoveryis needed. Therefore,the write-ahead-logprinciplemust be used to writesufficientUNDO-information.The before-imageofa page must be writtento a safe place before a page (with uncommitted modifications) is propagated. Appropriateuse ofloggingand recoveryconcepts assures atomicityas wellas durability(except formedia failure). However, two special cases have to be considered:

1. Pages whose locks are released at unfixtimehave to be forced out at unfixtime,and theirbeforeimages have to be deleted. Hence, R1 recovery as wellas R3 recovery do not affect such pages. To take advantage of this property one has to remember this fact.

2. FPApages are onlylockedas longas an FPAentryis processed. InTHEcase the page belonging to that FPA entry is rolledback (due to transaction abort) the FPA entry and the FPA information stored inthe page may get inconsistentand UNDOrecoveryforthe FPApage is necessary. Therefore, entry logging and recovery are used for FPA pages.

Asthe NOTATOMIC-STEAL-FORCEstrategy was a straightforwardsolutionfora firstversionofthe buffer manager, other strategies are investigatedwithrespect to logand recoveryoverhead and withspecial regard to loggingand recoveryconcepts on higherlayers, e.g. the access system. One usefulconsideration is the change froma NOTATOMICpolicyto an ATOMICpolicybased on indirectpage allocation [HR83].Examples of such mechanisms are the shadow page algorithm[Lo77]and the differentialfile concept [SL76]. Another possibility is the integration of the DB cache method [EB84].

6. Implementation of the Buffer-Manager Prototype

The implementationofa firstversion ofthe storage system is already finished[Bu87].The implementation language is LADY(Language for DistributedSystems [WM85]).LADYdistinguishes among three 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 can be compiled separately.

Atthe system levelthe complete NDBSprototype,i.e. PRIMA,the applicationlayer,and the application programs, consists ofa set ofteams belongingto differentteam types (Fig.10). There is one team type realizingthe applicationlayerand the applicationprograms. The next type embodies PRIMA(except the filemanager) and the thirdtype onlyconsists ofthe filemanager. Furthermore,there is yet another team type forthe central lockmanager. The number of teams of each team type depends on the underlying hardware architecture (Fig.2). One filemanager and one central lockmanager willrun together on the processor withdirectconnections to the external devices. One processor is reserved forthe application, and all other processors will run exactly one PRIMA. Atthe team level the team type PRIMAis decomposed in a large number of processes and monitors. AlthoughLADYdoes not support subteams withina team type, itis useful to introducesubteams at the descriptionlevel (Fig.11). Namely,a subteam consists of a set of processes and monitorsand represents an isolated unitwithina team. WithinPRIMAfoursubteams can be distinguished:one subteam for the data system, one forthe access system, one forthe buffermanager, and lastlyone forthe meta-data system. The meta-data subteam manages the meta-data ofallother PRIMAcomponents [We87].Subteams are able to communicatewitheach other viamonitors(ina futureextension ofLADY[WHB86]via monitorsand areas; areas are shared memoryforsome processes). Therefore,each subteam offersoperations at its interface as entries of one or more monitorsand uses monitorentries to call services of other subteams. Fig. 11 shows a diagrammatic view of the internal structure of the team type PRIMA. The buffer-manager subteam offers two monitors (the buffer-manager interface and the buffer itself), whereas itneeds one monitorforthe communicationwiththe meta-data subteam (meta-data interface) (Fig.12). The buffermonitorcomprises the database buffersince forthe moment this is the onlywayto share memory or data. Afteran extension of LADYthe monitorwillbe replaced by an area as shared memory. The buffer-manager-interfacemonitorrepresents the proper interface of the buffer-manager subteam. Each operation described inchapter 4 as wellas the operations BEGIN-OF-TRANSACTION, END-OF-TRANSACTION,and ABORT-TRANSACTIONcorrespond to one monitorentry. The actions performed foreach entry are always the same: Arequest element is inserted intoa corresponding request queue and the controlis returned to the callingsubteam. To get an answer back, the callingprocess has to use the monitorentryGET-ANSWER.Thismonitorentryreturns an answer element forone specificrequest. Ifthere is no answer forthe correspondingrequest, the callingsubteam is blockeduntil a corresponding answer element is inserted intothe answer queue. For that purpose, the monitorentry PUT-ANSWERisused bythe buffer-managersubteam, whereas GET-COMMANDisused bythe buffermanager subteam to get a request. Hence, the buffer-manager subteam and the callingsubteam can workin an asynchronous way. For that reason, all monitors formingan interface are organized in the same way. Toprocess a request the buffer-managersubteam isdividedintoa set ofprocess and monitortypes (Fig. 12): • Alloperations concerning segments (see section 4.1) are handled by the FPA manager. Therefore, the FPAmanager uses special operations offeredby the buffermanager to create, expand or delete a segment and tofixorunfixan FPApage. These operations are notavailableoutside the buffer-man-ager subteam.

• The buffermanager handles alloperations concerningpages and page sets (see section 4.2 and 4.3).

Furthermore,ituses the FPAmanager to determine the page type ofa requested page, the lockmanager to request a correspondinglock,the logmanager to writethe correspondingloginformation,and the recovery manager to initializetransaction abort. The buffermanager communicates withthe file manager via differentinputand output ports. These ports are maintained by additionalsend and receive processes.

• The lockmanager [Kr88]corresponds to the locallockmanager described in section 5.2. Ithandles all lock requests either locally or by requesting the central lock manager via input/output ports.

• The log manager [Ho88] handles all log information during normal transaction processing. • The recoverymanager [Ho88]performspartialas wellas globalUNDO,i.e. roll-backprocessing ofa single transaction after transaction abort and roll-backprocessing ofallincompletetransactions after a system failure.

• Sender and receiver processes are required since send and receive operations offeredbythe underlyingoperating system DISTOSare synchronous and allinputand outputports are typed. Therefore, itis necessary to associate a receive process witheach inputport to allowforparallelismof PRIMA and the file manager.

• The lock-manager-interfacemonitor,etc. are used forcommunicationpurposes between the different processes. They are organized similar to the buffer-manager-interface monitor.

• Tne exception is the global-data monitorwhichincludes allglobaldata structures of the buffermanager (e.g. page table etc.). Therefore,several buffermanagers may runinparallelsharing data bythe global-data monitor.

This design of the PRIMAteam and the buffer-manager subteam supports parallelismat two different levels: • WithinPRIMAthe differentsubteams can run in parallel.Whileone subteam performs an operation, the other subteam requesting thisoperationcan continueitsworkuntilitneeds the answer forthe operation.

• Withinthe buffer-managersubteam more operational power at the buffer-managerinterface can be achieved depending on the number of buffer-manager and FPA-manager processes.

The presented design considerations allowfora substantial degree offreedom.Proper values - likeuseful number of processes, degree of parallelism, etc. - still have to be examined in more detail.

application programs application layer

input/output ports terminal I/O

logical busses for the communication between PRIMA and the application layer logical busses for the communication between PRIMA and the central lock manager logical busses for the communication between the different PRIMA logical busses for the communication between PRIMA and the file manager

Figure 10: Possible team network of the complete NDBS prototype

input/output ports

PRIMA input/output ports

input/output ports

PRIMA input/output ports

input/output ports

PRIMA input/output ports

input/output ports

disk I/O input/output ports

central lock manager file manager

7. Conclusions

Non-standardapplicationsrequirea sophisticated data management componenttobe considered during

the design of a non-standard database system. The main demands on the storage system of such an

NDBS concern support of

• bjects of different size, especially very long objects,

• varying number of objects, and

• in particular physical clustering.

Therefore,new objects and operations at the storage-system interfaceare necessary. InPRIMA,a pro-

totype implementation of the molecule atom data model, these are

data system

access system

buffer manager d a t a d i c t i o n a r y input output

input output output input monitor

Figure 11: Internal structure of the team type PRIMA

• segments of different page sizes, • operations to expand and shrink a segment,

metadata interface buffer buffermanager interface

lockmanager interface log& recoverymanager interface

globallock manager interface global data

buffermanager communication

log&recovery manager

sender receiver

FPA manager

local lock manager o u t p u t i n p u t s e n d e r

r e c e i v e r o u t p u t i n p u t s e n d e r

r e c e i v e r

FPA/buffer manager communication buffer manager

receiver receiver receiver receiver receiver

output input input input input input input output output output output output in-out interface

Figure 12: Structuring of the buffer-manager subteam

• page sequences and corresponding operations to handle a predefined page set, and • operations to handle an arbitrary set of pages. Furthermore,the administrationoffree place ina segment and the pages ofa segment is integrated into the storage system. Hence, the storage-system interfaceofPRIMAis expanded by operations performing free place administration. Alloperations at the storage-system interfaceare embedded ina transaction concept followingthe ACID principle.Alog and recovery manager is integrated intothe storage system to guarantee atomicityand durability,and a lockmanager is integrated to guarantee isolationby synchronizingall page requests. This lockmanager is also used to solve the bufferinvalidationproblemthat depends on the underlying hardware architecture, a set of loosely coupled processors with local memory. The implementationofa firstversionofthe storage system ofPRIMAis already finished.The implementationlanguage is LADYand the underlyingoperating system is DISTOS.LADYas wellas DISTOSare designed to support the implementationof distributedsystems. To test this firstversion of the storage system, real reference strings as well as generated reference strings will be used [Se88]. Future workregarding PRIMAwillconcentrate on the access system and the data system. Thiswilltest and verifythe design and implementationofthe firstversion ofthe storage system. Modificationswillfinally lead to a new version. Independently,the logand recovery concept (e.g. entry logging)used withinthe storage system has to be reconsidered withrespect to the integrationintothe overalllogand recoveryconcept ofPRIMA.Furthermore, atomicupdate propagation strategies can be investigated and implementedwithoutinfluencing the design and implementation of the higher levels.

References

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

As81 Astrahan, M.M.,et al.: A Historyand Evaluationof SYSTEMR, in: Communicationsof the 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 ofthe 10th InternationalConference on VeryLarge Databases, Singapore, 1984, pp. 172-184.

Bu87 Bub, E.: Entwurfund Implementierungder Systempufferverwaltungvon PRIMA,University Kaiserslautern, 1987.

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

Ch87 Christmann, H.-P.: Ein Algorithmuszur Systempufferverwaltung und Synchronisation in einem lose gekoppelten Mehrrechner-Datenbanksystem,in:Proceedings ofthe GI/NTGConference on CommunicationinDistributedSystems, Aachen, ed.: N.Gerner, O. Spaniol,Informatik-FachberichteNo.130, Springer,BerlinHeidelbergNewYorkTokyo,1987, pp. 412-425.

CHMS87 Christmann, H.-P., Härder, T., Meyer-Wegener,K., Sikeler, A.:WhichKindsof OS Mechanisms Should Be Provided forDatabase Management?, in:Proceedings of the International

Workshopon Experiences inDistributedSystems, Kaiserslautern,LectureNotes inComputer Science, Springer, Berlin Heidelberg New York Tokyo, 1987.

CS85 Christmann, H.-P., Schöning, H.: Simulationvon Algorithmenzur Systempufferverwaltung und Synchronisation in einem lose gekoppelten Mehrrechner-Datenbanksystem, SFB 124 Research Report No. 21/85, University Kaiserslautern, 1985.

DPS86 Deppisch,U.,Paul, H.-B.,Schek, H.-J.:AStorage System forComplexObjects, in:Proceedings of the InternationalWorkshopon Object Oriented Database Systems, Asilomar,ed.: K. Dittrich, U. Dayal, 1986, pp. 183-195.

Da86 Dadam, P., et al.:ADBMSPrototypetoSupportExtended NF2-Relations:AnIntegratedView on FlatTables and Hierarchies,in:Proceedings ofthe ACMSIGMODConference, Washington D.C., 1986, pp. 356-367.

EB84 Elhard, K.,Bayer, R.: ADatabase Cache forHighPerformance and Faster Restart in Database Systems, in:ACMTransactions on Database Systems, Vol.9, No.4, 1984, pp. 503-525.

EH84 Effelsberg,W.,Härder,T.:PrinciplesofDatabase BufferManagement, in:ACMTransactions on Database Systems, Vol. 9, No. 4, December 1984, pp. 560-595.

Fr87 Franz, B.:KonzeptionundImplementierungeines Dateisystems fürdas DISTOS-Betriebssys-tem, University Kaiserslautern, 1987.

Hä78 Härder, T.: Implementierung von Datenbanksystemen, Carl Hanser, München, 1978. Hä87 Härder,T., et al.: PRIMA- a DBMSPrototype SupportingEngineeringApplications,in:Proceedings ofthe 13thInternationalConference on VeryLargeData Bases, Brighton,1987, pp. 433-442.

Ho88 Hoffmann,C.: Implementierungder Log-und Recovery-Komponenteauf Seitenebene, University Kaiserslautern, 1988.

HR83 Härder,T.,Reuter, A.:PrinciplesofTransaction-OrientedDatabase Recovery,ACMComputing Surveys, Vol. 15, No. 4, 1983, pp. 287-317.

HR85 Härder,T.,Reuter, A.:ArchitekturvonDatenbanksystemen fürNon-Standard-Anwendungen, in:Proceedings ofthe GIConference on Database Systems forOffice,Engineering,and Science Environments, Karlsruhe, ed.: A. Blaser, P. Pistor, Informatik-FachberichteNo. 94, Springer, Berlin Heidelberg New York Tokyo, 1985, pp. 253-286.

HR86 Härder,T., Rahm, E.: Mehrrechner-Datenbanksysteme fürTransaktionssysteme hoher Leistungsfähigkeit, in: Informationstechnik, Vol. 28, No. 4, 1986, pp. 214-225.

Kr88 Kreiselmeier, J.: Implementierung der Sperr-Komponente auf Seitenebene, University Kaiserslautern, 1988.

Kü85 Küspert, K.:Fehlererkennung und Fehlerbehandlung in Speicherungsstrukturen von Datenbanksystemen, Informatik-FachberichteNo.99, Springer,BerlinHeidelbergNewYorkTokyo, 1985.

Lo77 Lorie,R.: Physical Integrityina Large Segmented Database, in:ACMTransactions on Database Systems, Vol. 2, No. 1, 1977, pp. 91-104.

Lo84 Lorie,R., et al.:SupportingComplexObjectsina RelationalSystem forEngineeringDatabases, in: Query Processing in Database Systems, ed.: Kim,W., Reiner, D.S., Batory, D.S., Springer, Berlin Heidelberg New York Tokyo, 1984, S. 145-155.

Mi85 Mitschang,B.: Charakteristikendes Komplex-Objekt-Begriffsund Ansätze zu dessen Realisierung,in:Proceedings ofthe GIConference on Database Systems inOffice,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 - Design and Implementation of a Non-Standard Database System, T. Härder (ed.), SFB 124 ResearchReport No. 26/88, University Kaiserslautern, 1988.

Mi86 Michels, M.: Implementierung und Test einer LRU-Ersetzungsstrategie für Seiten unterschiedlicher Größe, University Kaiserslautern, 1986.

Ne87 Nehmer, J., et al.: The Multicomputer-ProjectINCAS- Objectives and Basic Concepts, in:

IEEE Transactions on Software Engineering, Vol. SE-13, No. 8, 1987, pp. 913-923, 1987. Pa84 Paul, H.-B.,at al.: Überlegungen zur Architektureines "Non-Standard"-Datenbankkernsystems, Research Report DVSI-1984-A2, Technical University Darmstadt, 1984.

Pa87 Paul, H.-B.,et al.: Architectureand Implementationof the Darmstadt Database KernelSystem, in: Proceedings of the ACM SIGMOD Conference, San Fransisco, 1987, pp. 196-207.

Ra86 Rahm, E.: BufferInvalidationProbleminDB-SharingSystems, Research Report No.154/86, University Kaiserslautern, 1986.

Sch88 Schöning, H.: The PRIMAData System: Query Processing of Molecules, in: The PRIMA Project - Design and Implementationof a Non-Standard Database System, T. Härder (ed.), SFB 124 Research Report No. 26/88, University Kaiserslautern, 1988.

Se88 Sellentin, U.: String-Managerund String-Generator zum Test der Systempufferverwaltung, University Kaiserslautern, 1988.

Sh84 Shasha, D.E.:Howto Designa ConcurrentAlgorithmforYourFavoriteSearch Structure,TR- 13-84, Harvard University, 1984.

Si80 Sidle,T.W.:Weakness ofCommercialDatabase Management Systems inEngineeringApplications, in:Proceedings of the 17th Design AutomationConference, Minneapolis,1980, pp. 57-61.

Si88a Sikeler,A.:The KeyConcepts ofthe PRIMAAccess System, in:The PRIMAProject- Design and Implementationof a Non-Standard Database System, T. Härder (ed.), SFB 124 ResearchReport No. 26/88, University Kaiserslautern, 1988.

Si88b Sikeler,A.:VAR-PAGE-LRU:ABufferReplacement AlgorithmSupportingDifferentPage Sizes, in: Proceedings of the Extending Data Base Technology Conference, Venice, Lecture Notes in Computer Science No. 303, Springer, BerlinHeidelberg New YorkTokyo,March 1988, pp. 336-351.

SL76 Severance, D.G.,Lohmann,G.M.:DifferentialFiles: TheirApplicationto the Maintenance of Large Databases, in:ACMTransactions on Database Systems, Vol.1, No.3, 1976, pp. 256- 267.

SS86 Schek, H.-J.,Scholl,M.H.:The RelationalModelwithRelation-ValuedAttributes,in:Information Systems, Vol. 2, No. 2, 1986, pp. 340-355.

St81 Stonebraker, M.:OperatingSystem Support forDatabase Management, in:Communications of the ACM, Vol. 24, No. 7, 1981, pp. 412-418.

UDS UDS - Universelles Datenbanksystem, User Manuals Version 5.0, Siemens AG,München, 1986.

We87 Weber, B.:Implementierungeines einfachen Verwaltungssystemsfürdie Metadaten in PRI- MA, University Kaiserslautern, 1987.

WHB86 Wybranietz,D.,Haban, D.,Buhler,P.: Some Extensionsofthe LADYLanguage, SFB124 Research Report No. 26/86, University Kaiserslautern, 1986.

WM85 Wybranietz,D., Massar, R.: An Overviewof LADY- A Language for the Implementationof DistributedOperating Systems, SFB 124 Research Report No. 11/85, UniversityKaiserslautern, 1985.

Appendix: Operations offered by the storage system

INIT_SEGMENT IN: transaction identifier segment name page size segment type first allocation OUT: segment_number returncode DELETE_SEGMENT IN: transaction identifier segment number OUT: returncode GET_FREE_PLACE IN: transaction identifier segment number number of bytes OUT: list of page numbers returncode MODIFY_FPA IN: transaction identifier segment number page number free place OUT: returncode INCREMENT_FPA IN: transaction identifier segment number page number increment OUT: returncode DECREMENT_FPA IN: transaction identifier segment number page number decrement OUT: returncode FIX_PAGE IN: transaction identifier segment number page number fix mode

OUT: page address

returncode UNFIX_PAGE IN: transaction identifier segment number page number changed unlock OUT: returncode FIX_PAGE_SEQUENCE IN: transaction identifier segment number page-sequence number fix mode OUT: list of page addresses returncode UNFIX_PAGE_SEQUENCE IN: transaction identifier segment number page-sequence number changed unlock OUT: returncode FIX_PAGE_SET IN: transaction identifier list of (segment number and page number) and/or (segment number and page-sequence number) fix mode OUT: list of page addresses returncode UNFIX_PAGE_SET IN: transaction identifier list of (segment number and page number) and/or (segment number and page-sequence number) changed unlock OUT: returncode PAGE_CONTEST IN: transaction identifier list of (segment number and page number) and/or (segment number and page-sequence number) fix mode OUT: segment number page number or page-sequence number list of page addresses returncode

66

67

68