Performance Evaluation of the Remote Cooperation System in PRIMA

Michael Gesmann University of Kaiserslautern Federal Republic of Germany email: gesmann@informatik.uni-kl.de

Abstract

In order to achieve acceptable performance when executing queries in enhanced database systems, e.g. forengineering and knowledge-based applications,intra-queryas wellas interquery parallelism are required. Therefore, systems exploitingdifferent kinds of parallelism need an environmentofferingsuitableimplementationcapabilities.Thispaper describes different mechanisms forsupportingparallelquery executioninenhanced database systems. Inorder to provideefficientintra-as wellas inter-queryparallelisminour enhanced database management system, we introducethe basic communicationsystem, called Remote Cooperation System. Thereafter, we present alternativeimplementationsand finallypresent an analysis of their performance behavior.

Weimplementedtwodifferentsystem architectures whichwillbe compared inmore detail.In order to get a better assessment of theses implementations,we compare our measurements to those obtained withconventionalremote procedure call facilitiesoffered by operating systems. The results demonstrate that the Remote Cooperation System is a suitable basic communicationsystem in order to efficientlyrealize parallelquery execution, especially in our enhanced database system called PRIMA.

1. Introduction

Duringthe last years a substantial amount of research has been conducted on enhanced DBMS,also called Non-Standard Database Systems (NDBMS).In contrast to conventional DBMSs,these systems support complexapplications,such as design orAIapplications.Common requirements inalmost allofthese new applicationareas are the modellingand management ofcomplexobjects as wellas the support ofappropriate user interfaces. Inorder to meet these requirements a large numberofdata models and querylanguages have been developed [Mi88,PA86, Mi92]and evaluated in prototype systems. Experience in the interactiveuse of such systems revealed the utmost importanceofresponsiveness and performance when executingqueries. Toachieve a system behavioracceptable forthe designer, itturned out that all system components have to be carefullydesigned and optimized;importantresults have been reported, for example on differentstorage structures [SS89, KD93,Te93], query optimizers [Sch93] and system architectures [Pa87, HMMS87].

in: SFB-Bericht 23/94, University Kaiserslautern, 1994

Mostofenhanced applications’workis done on workstations.The NDBMSonlyserves as a powerfuldata repositorywhichhas to execute a moderate number of cpu-intensiverequests on complexstructured data consuming a lotofcpu time.On the other hand, the applicationis typicallydrivenby interactivedialogues ofthe user. Hence, we concentrate on response time as the primaryperformance measure and not on throughput.Due to the very long execution paths whileconstructingcomplexobjects and the inherent parallelismof complex-objectpro-cessing inNDBMSs,satisfactoryresponse times forqueries as the primaryperformance measure can onlybe obtained byparallelexecution.Asopposed to the well-knowninter-querypar-allelismwhichis mandatoryto increase throughputinevery multi-userdatabase system, intraquery parallelismbecomes interestingforcomplex-objectprocessing in NDBMS.Opposed to conventionalDBMSdata distributionand parallelexecutionofa single operator on these separate partitionsisnotapplicablebecause ofthe highlymeshed and cyclicstructures ofcomplex objects. On the contrary,we need a closelycoupledshared everythingarchitecture[HSS89]in order to support parallelism in complex object assembly [KGM91].

Inorder to allowforsuitable intra-queryparallelismas an essential design goal inNDBMSs, we need an appropriate runtime environment.Therefore, as done in operating systems, the principalsofclient/serverarchitectures should be appliedto NDBMSdevelopment, too. Inthis framework,the applicationis considered a clientofthe NDBMSserver and, in turn, when decomposed appropriately, the components of the NDMBS-serverform client/server relationships. Inadditionto such a softwarestructure whichfacilitatesconcurrentexecutionofcomponents, we have to carefullyconsider the mappingto hardware resources to take advantage of the potentialparallelism.In our case, there are three differentways in order to allocate these components to processors: 1. Allcomponents are allocated on separate distributed processors (workstations), this is calleddistributed allocation . Inthiscase remote communicationbetween differentcomponents has to be performedviamessages and the differentcomponents may workinparallel on their own processors.

2. Allcomponents are allocated on a single processor (workstation),this is called local allocation . Here, they can efficientlycommunicateviashared memory.However,since there is only a single processor, timesharing is possible, but not genuine parallelism.

3. Finally,allcomponents may be allocated on a complexofprocessors connected viashared memory(shared everythingmultiprocessormachine),thisis calledshared allocation . Here again, localcommunicationviashared memorycan be applied.Inthiscase, the components may run in parallel on the available processors. Obviously,multiplerefinements are possible. For example, typically,the DBMS-application is runningon a separate workstation,but, inprinciple,itis also possible to run the application on the same processor (complex),where the DBMSis running. Furthermore, as willbe discussed later, a single process representing one or more components on a processor may not fullyexploititsprocessing capacity(horse power).Especiallyinthe case ofsynchronous I/Oor page faults,a process isforcedtowaitleavingthe correspondingprocessor idle.Forthese reasons, itmaybe advantageous toallocatemore than one process toa processor, even ina dedicated and coordinated situationsuch as DBMSprocessing. On the other hand, some components are so closelyrelated, i.e. there are frequent calls between them that a process or even a processor boundary between them may seriouslydegrade performance. Hence, some kind of multi-threadingof these services in a single process seems to be favorable in such situations. Here we assume that the overhead formulti-threadingis by farless expensive than that ofmultiprocessing.Furthermore,thisapproach allowssimpleintegrationofapplication-specific scheduling strategies without intervening in operating systems.

TheNDBMSPRIMA[HMMS87]developed at the UniversityofKaiserslauternisincorporating such a client/serverarchitecture aimingat parallelprocessing on complexobjects. Since this system isrunningon a networkofworkstationas wellas on a shared everythingmultiprocessor machine providingall the previouslyintroduced allocationschemes forprocesses to processors, we need a basic communicationsystem, whichtransmitsrequests froma clienttoa server as wellas the results fromthe server to the client.Therefore,ithas to hide aspects ofinteroperabilityand heterogeneity ina networkofworkstationswithdifferenthardware runningdifferentoperatingsystems. Inthispaper wefocuson RCS’sfunctionalityand efficiency,whereas the issues ofinteroperabilityand heterogeneity are discussed in[GGS93].Since conventional remote-procedure-call(rpc) mechanisms offered by operating systems do not support these aspects we could not use operating system services. For these reasons we designed the so called Remote Cooperation System (RCS) whichprovides an efficientand transparent communicationmechanism foritsapplicationcomponents and allowsthe invocationofservices by rpcs. Inthis context, transparency means, the system has to choose the appropriate communication mechanism at runtime invisiblefor the application.In contrast to conventional rpcmechanisms onlysupportingsynchronous calls we enhanced the rpc-modelby asynchronous calls and transmission of partial results in order to facilitatedifferentkinds of parallelismbetween clients and servers as well as within a single server.

In this paper, we willexamine differentimplementationalternatives forRCS in order to find the best implementationdepending on the underlyinghardware architectureand the allocation ofcomponents tothishardware. Inordertobe able toimprovethe PRIMAsystem, wefirsthave tooptimizethe RCS byidentifyingand removingbottlenecksand inadequate design decisions. Furthermore, understanding RCS’sperformance characteristics is necessary to understand performance ofits applications.Hence, the focus ofthis paper is a detailed performance analysisofRCS whichwillgivesome insightsused forfurtherperformanceevaluationofthe PRIMA system.

The next section outlines the requirements RCS has to meet due to the client/serverarchitecture ofthe PRIMAsystem and the most importantfeatures ofRCS. Section 3 presents two differentimplementationapproaches. In Section 4, we describe measurements performed to evaluate RCS and discuss the results obtained. The paper concludes witha short summaryof the results.

Related Work

Inthe literaturewe finda lotofworkon standards forclient/servercommunication.However, most ofthis workconcerns data transfer between clientapplicationsand the database server. Contrarily,we decomposed our DBMSinto a client/server architecture whichinduces much more communicationevents often transferringonlysmall amounts of data. In [BR89,MB91] the authors present the Raid project and investigate its performance characteristics. In order to avoid additionaloperating system overhead some design decisions on the system’sarchitecture are very similarto our architecture. However,our system is primarilydesigned for a closely coupled system in order to exploitparallel query execution for nonstandard applications.Therefore,we allowconcurrentexecutionofthe same server inmultipleprocesses. Furthermore, we not necessarily have to synchronize communication via shared memory by semaphores but busy-waitinglatches are a veryattractivealternativenot considered in these papers.

Since this paper is not concerned about distributedcooperative workofautonomous, heterogenous, or interoperablesystems, as investigatede.g. in[FHM93,MH92,SW93],we willnot consider them here any more.

Finally,we have to explain, why we have implemented our own system and not chosen a standard approach (e.g. OSF/DCE, OMG/CORBA).First of all, there are historicalreasons. When starting our projectin 1988 existingcommunicationfacilities(remote procedure callfacilities)didnot support parallelismat all.Moreover,at that timethese standards didnot exist. Therefore,we had toimplementourownsystem (i.e.RCS)dedicated toourrequirements. Later on, we didnot change to other protocols,because the implementationofourPRIMAsystem was done uponRCS and wedidnotwanttoreimplementthe alreadyexistingcomponents. Furthermore, none ofthese standards offersthe required functionalitywe need inorder to enable parallel query execution as well as to reduce operating system overhead.

2. The Remote Cooperation System - Conceptual View

Inthissection we present the decompositionofourNDBMSPRIMAintoa set ofcomponents each implementingdifferentservices. Thereafter, we describe useful types of parallelismin complex-objectprocessing inorder tomotivatesome extensions ofrpc-facilitiesforRCS which supportthese kindsofparallelism.Finally,wediscuss some general realizationissues forRCS.

2.1 PRIMA Architecture and RCS

The PRIMAsystem is implementedas a DBMSkernel architecture consistingofan application-specificlayer and an application-independentkernel. The application-specificlayer embodies functionsneeded fora particularapplication.Forallaspects ofdata management these functionsare, in turn, supported by operations of an application-independentcomplex-object interface providedby the DMBSkernel. Thiskernel system is responsible foralltasks ofdata and meta-data management, of mapping these structures to storage, as wellas fortransactionscontrol.Toobtainmodularityand data independence, we have designed the kernelarchitecture as a hierarchically layered system structure [HMMS87]: •The data system implements operations on complex objects offered at the interface of the kernel.Itconsists ofa Compilertotranslate, an Optimizertooptimize,and an DML-Execution to execute applicationqueries on complex objects. These operations are internallytransformed to operations on simple objects.

•The access system transformsthese operations on simpleobjects to operations on blocksof the availablestorage structures. Forthispurpose, itrefers to the availablestorage structures and access path structures.

•The storage system is responsible for the buffer and file management. •Separate components of the system incorporate transaction and meta-data management services. Based on this modularizationand on an operation decomposition, we developed a client/ server modelthat defines the frameworkfordatabase processing inPRIMA;inprincipal,a client can issue requests forservices to be performed by dedicated server processes . In the following,a set ofserver processes processing a specificservice is called server . Ofcourse, the service may appear as clientto other services. Butsince every clientinthe kernelalso operates as service, we do not distinguishbetween service and clientas wellas between server and client;therefore, we always callthem service and server, respectively.Figure 2.1 shows

Transaction & Management

Synchronization

Figure 2.1: Architecture of the PRIMA system

Meta-Data

Access System

Storage System

Data System

Management

Optimizer

Application

DML-Execution

Compiler

the simplifieddecompositionof the system consisting of the services mentioned. The arrows indicate possible client/server-relationships.Apparently,the system is much more complex, but the viewprovidedhere is sufficientto discuss the most importantproperties of RCS, i.e. perform communication between clients and servers and administration of occurring tasks.

2.2 Types of Parallelism in PRIMA

Inthissubsection we shortlyoutlinesome types ofparallelismincomplex-objectprocessing. As will be shown, we can generalize these mechanisms in our architecture.

Before executing a specific applicationquery on a database, the Compilerand Optimizer transformitintoa query evaluationplan (QEP) whichconsists ofnodes representing elementaryoperators each producinga set ofcomplexobjects when executed bythe DML-Execution server. Inthe case ofsophisticated queries, such a QEP may become verycomplexthat is, it consists ofa large number ofoperators. Ingeneral there are twoveryobviouspossibilitiesfor exploitingparallelismwhileexecutingsuch a QEP. Firstofall,there is the inter-operatorparal-lelismwhichappears inparallelexecutionofindependent operators and inpipeliningbetween dependent operators ofthe QEP. These mechanisms are useful inorder to construct multiple components ofa singlecomplexobjectortoconstructmultiplecomplexobjects inparallel.Furthermore, we can achieve intra-operatorparallelismwhen invokingmultipletasks fora single operator of the QEP. In this case, every task produces a subset of the resultingcomplexobjects. Inorder to realize these kindsofparallelism,the DML-Executionserver internallyhas to perform multiple tasks in parallel.

These mechanisms, so fardescribed onlyforthe DML-executionserver, are applicableinthe wholesystem when replacingoperators byservices inthe previousdiscussion. Then, we generalize pipeliningto client/serviceparallelismwhen executing a client-taskinthe clientand its invokedtasks inservers inparallel.Ofcourse, pipeliningis more specific,because itcaptures the data produced bythe server fora client,whereas client/serviceparallelismdoes notinclude any dataflow.Inter-operatorparallelismcorresponds to inter-serviceparallelismwhen executingseveral tasks indifferentservers. Finally,parallelexecutionofseveral tasks ina singleserver, called intra-service parallelism, accords with intra-operator parallelism.

2.3 Conceptual View to RCS

Since rpc-facilities[DYN,SUN]onlyoffera synchronous interface, they cannot enable the previouslyintroduced types of parallelismwhileexecuting a single query. In order to exploit parallelism, we need the following two extensions of conventional rpc-facilities.

Inprincipal,to achieve any parallelismwe have to separate task invocationand result reception.The functionsRemote_Service_Invocationand Get_Service_Result achieve this separation.Afterinvokinga task, the actuallyperformedtask maycontinueitsexecution,forexample, itcan create furthertasks. Itwillaccept the results asynchronously. On one hand, this extension enables inter-serviceand intra-serviceparallelisminstartingmultipletasks before receivingtheiranswers. On the other hand, itis a firstprerequisite forpipelining,i.e. simultaneously executinga parent and itschildtask whilethe childproduces input,tobe processed bythe parent task.

Inorder to realize pipeliningRCS needs the followingsecond extension to conventionalrpcfacilities.Inadditionto the functionReply_Taskwhichsends the finalresult ofa childoperator to its parent operator, we need a functionReply_Part_Of_Taskwhichtransmits a partialresult whichhas been produced so far. On the clientside, the functionGet_Service_Result needs a flag indicating whether the received result is complete or not.

2.4 Realization Issues

RCS has to deal withdifferentcommunicationmechanisms. Communicationbetween different hosts, e.g. between the applicationprogramon a workstationand the database system kernel on a multiprocessormachine, has to be done viamessages. Ofcourse, thisis more expensive than communicationvia shared memorywhere sophisticated networkprotocols,copying ofdata, and failurehandlingcan be avoided. RCS is responsible forchoosing the appropriate mechanism transparently for the application program.

So far,services have been treated as abstract concepts. Inordertomap them tospecificprocessing unitsofferedbythe operatingsystem (i.e.the processes), there are twopossible alternatives. First,using a so-called multi-processsingle-threadingapproach where every individual task may be executed initsownserver process, dynamicallycreated forthispurpose. This approach introduces two main problems: •Firstofall,there are the enormous costs forprocess administration,forprocess creation,process deletion and context switches. Obviously,there are at least twocontext switches produced by a single service invocation.Additionalcontext switches arise ifa task has to wait forevents or forfurther(partial)results ofa subtask. Note, we consider complexobject processing whichinturnis verycpu-intensive,we expect a lotofcontextswitches when exploiting parallelism.Therefore, even ifsingle context switches do not effect response times remarkably, the vast number of context switches leads to worse performance.

•Thesecond problemwhenusinga multi-processapproach isthat wecannot influencescheduling strategies without changing code of the operating system. Lightweightprocesses (LWP)implementingsequential parts of a task called threads overcome the firstproblembecause some implementationscan performcontextswitches and process creations almost as fast as procedure calls [ALL89].However,they are not available on all commercial(OS) products. For example, the DYNIXoperating system on SEQUENTmachines realizes LWPs by normal processes, e.g. creating a process takes about 25 ms. But even ifLWPswere availablethe second problemstillremains. Furthermore,LWPsare usually used forfine-grainedparallelismwithlittleexchange ofdata. Frequent waitsand data exchanges require an efficienthandlingof events and partialresults and itis not clear, how efficiently LWPs can handle these problems.

Alternatively,a so-called single-process multi-threadingimplementation,avoids these disadvantages. Here, alltask executions ofa service may be executed withinthe same server process. Whenevera waitingsituationoccurs, the server has toperforma task switch,i.e.tobreak the execution of the actual task and to choose another task for its execution. This approach avoids unnecessary contextswitches inthe operating system whichis considered much more expensive than our owntask switches inside a process. Furthermore,this realizationenables us to easily apply server and possibly application-specificscheduling strategies rather than leaving scheduling to the operating system.

The architecture described so far has twoweak spots whichmay be resolved as described below. First, since task invocations between two differentservices may stillcause context switches ifthe invokedtask has to be executed in another process we can combine multiple (closelycooperating)services withina singleprogram,e.g. the DML-Executionand the Access System. Hence, ifevery process is runningon its own processor whichis possible due to the relativelysmallnumber ofdifferentprocesses almost no contextswitches occur on a multiprocessor. Thisis the case because none ofthe services except the Storage System performI/O and therefore they do not voluntarilyrelease the processor. Note, in the further discussion, servers and server processes may include multiple services.

The second weak spot concerns restrictedparallelism.Everyservice is embodied bya single server process. This of course does not allowparallelismwithina single server. In order to overcome thisproblemwe allowstatic replicationofserver processes (staticmultiprocessing), i.e. a specificprogram may run inmultipleprocesses. Tasks may be executed inany ofthese processes and afteran interruptioncaused bya waitingsituation,theymaybe continuedinany available process.

Finally,since we do not have shared memorybetween hosts [Me92]availableand we do not want to implement sophisticated protocols to exchange state informationabout servers between hosts, servers are realized ina set ofprocesses that do not span hosts. Inorder to enable parallelexecution inside the server the chosen host mightbe a multiprocessor.Note, we intentionallydistinguishbetween processors and hosts whichmaybe single-ormultiprocessor machines.

Tosum up, thisarchitectureallowsallpossible kindsofparallelism(client/serverparallelism, server/server parallelism,pipelining)and it does not limitthe available degree of parallelism whichis determinedbythe numberofprocessors. The allocationofservices toserver processes and the distributionofthe servers over the availablehosts is predefined,before startingthe system, ina so-calledconfiguration.Moreover,thisarchitecturesimplifiesloadbalancingdrastically,because itis reduced to a task scheduling probleminRCS whichhas to determine the next task to be executed.

3. The Remote Cooperation System - Implementation View

So far,we have onlydescribed the functionalityofRCS. Inthissection, we outlinetwodifferent implementationsofRCS used inour system. Startingwithan initialimplementationcalled oldRCS (oRCS)experiences showed that the interfaceofRCS is suitableforrealizingthe system. Atthat moment having the functionalityneeded was more importantthan performance. However,itturned out that itwas verydifficulto maintainoRCS. Some faultsinthe implementationwhichdidnot allowus to run the same service withinmultipleserver processes on a single host led to another implementationcalled new RCS (nRCS). We willdiscuss differentimplementationalternatives fornRCS whichmay yielddistinctperformance characteristics. The measurements described in Section 4 are carried out withboth systems and withdifferentalternatives.

3.1 Initial Implementation

Since the PRIMAsystem is developed on a networkofSUNworkstationsand since forreasons ofload distributionprocesses had to run on differentmachines, we unconditionallyneeded mechanisms forcommunicationacross differentsites fromthe verybeginningofthe project. Therefore, datagram sockets are used as basic communicationmechanism. Figure 3.1 illustrates the implemented architecture for a set of processes running on two hosts.

Atthe timeofits initialization,a clientprocess establishes connections to allits service processes. These connections are maintained duringthe wholelifetimeofthe system because it wouldbe too expensive to create new sockets and connections on each task invocationand result transmission. Parameters to be transferred are copied into a linear bytestream which then has to be disassembled intopackages ifthe bytestream is too long to be sent at a time through the stream. Additionally,sophisticated protocols withtimeout mechanisms and acknowledgemessages have to be used to guarantee correcttransmission ofdata. On the other

Figure 3.1: Architecture of the initial implementation of RCS (oRCS) host j host i

Process 3

Process 4

Process 5 Process 2

Process 1 communication facilities task management side, the receiver has to handle incomingdata asynchronously. As a consequence, every received package causes an interruptwhichwillbe processed immediatelyby an interruptroutine.

Anotherserious disadvantage ofthisimplementationis that the data structures fortask management are kept in a process’localstorage. Hence, tasks cannot migrate fromone process to another one which unnecessarily restricts the achievable real parallelism.

3.2 Improved Implementation

Oursecond implementationpays more attentionto performance issues. Due to the processingcharacteristics, outlinedinthe introduction,nRCS was designed withspecial emphasis on shared allocationofNDBMS’scomponents on a closelycoupledmultiprocessorsystem. Butof course, itshould run in a distributednetworkof workstationsas wellbecause the application runningon a workstationand the NDBMSserver have tocommunicateacross the network.For these reasons, communicationviashared memoryshould be enabled whereever possible, but communicationacross host boundaries should also be supported. Since the initialimplementationhas pointed out the functionalityofRCS to be satisfactoryand since we didnot want to change the code of our system, the interface of RCS remained unchanged. As an important requirement,RCS should offerallruntimefacilitiesdescribed inSection 2, especiallyallmechanisms to assign services to processes. 3.2.1 Communication Mechanisms

Inordertoimplementadjusted communicationmechanisms weexamined twodifferentarchitectures: •Afirstproposal considered a separate handlingoflocaland remote communicationinevery process. Inthiscase, localmessages have to be exchanged viashared memorywhereas remote communicationhas to be performedby message-based mechanisms to be includedin everyserver process (c.f.Fig.3.1).Hence, RCS internallyhas todistinguishbetween the two communicationmodes, and the code ofRCS becomes more sophisticated. Furthermore,the size and complexityof the processes increases. In order to prevent blockingof the sender, the external communicationagain has to be performed asynchronously. Summarizing,this approach wouldagain lead to some problems already encountered in the oRCS implementation.

•The second architecture is illustratedin Figure 3.2. As an essential property,ithandles the entire communicationacross host boundaries by a separate communicationprocess (CP). W.r.t.internalcommunicationa CP behaves as any other server process. The main task of a CP is to accept service calls fromlocalclients forremote servers, to send the parameters to the remote processor, to receive the answer, to accept tasks fromand to send answers to remote clients.Apparently,thisapproach avoids the disadvantages ofthe firstproposal. First ofall,since CPs do not have to process tasks and since we do not assume them to be a bottleneck,theycan communicatesynchronously,because waitingsituationsdo notdisturbsystem’sperformance behavior. On the other hand, synchronous communicationsimplifiesits implementationdrastically. Furthermore, we have a homogeneous view inside RCS, this means that communicatingwitha local or a remote server is the same, nRCS always only manipulates shared data structures whichare then read by CP ifnecessary. Afterreceiving a result message, CP puts the result into these data structures. Therefore, process size is smallerthan inthe firstproposal because processes onlyhave to implementlocalcommunication and they are not concerned withremote communication.Beside avoidingthe disadvantages, this architecture has the followingsalient features. Because it does not have to take care about reliable transmission of the parameters, decomposition of data into small packages, compositionof result messages, i.e. a lot of communicationoverhead is saved, the clientprocess can continue its workmuch earlier. Furthermore, sophisticated protocols for remote communication do not burden the execution of a local task.

However,this architecture obviouslyinduces a lotofcontext switches ina networkofsingle processor machines, i.e. a shared-nothing architecture. Note, in oRCS, a task creation and result transmission across host boundaries may be executed withoutany context switch if bothprocesses, clientand server, are active.Inourimprovedarchitecture,however,weneed at least four (!) context switches (for example: Process1(client) -> CP1, CP2 -> Process5(server) -> CP2, CP1 -> Process1(client)). Allthese context switches are unavoidable, because on each processor there are always twoprocesses involvedinthe communication.Furthermore,we actuallyhave twolocaltask invocations(client->CP1, CP2 ->server) and two local result transmissions (server -> CP2, CP1 -> client)in additionto the two messages across the net, whichmay deteriorate response times. We willfurtherinvestigate this long-windedbehavior and measure its influenceto the system in Section 4. Nevertheless, thisobservation does not holdon multiprocessormachines where CP can run on an individualprocessor whichmay avoidadditionalcontextswitches between CP and application processes. For example, ifinour previous example Process1 and CP1 on the clientside as

Figure 3.2: Architecture of the improved implementation of RCS (nRCS) host j

Process 3

Process 4

Process 5 shared memory

host i

Process 1

Process 2 shared memory

Communication Process

Communication Process

task management

CP1 CP2 wellas Process5 and CP2 on the server side are runningon differentprocessors, a service request of Process1 to Process5 would be executed without any context switch. Note, in this context we transmit parameters froma source (client,server) to a destination (server, client,respectively).These parameters willnot be used any more on the source site. Contrarily,distributedshared memoryallowsaccess to the same objectbydifferentprocesses on multiplehosts whichis not required here. However, since message passing via the communicationprocess is not visibleto the applicationprogram and since parameters are allocated inlocalshared memory,the advantages [Me92]ofeasy programming,locationindependency, and persistence of parameters after a process terminationapply to our implementation, too.

3.2.2 Task Management

Since we are realizinga single-process multi-threadingapproach, a server has to cope with scheduling and management of all tasks requiringa specificservice. Therefore, RCS has to manage alltasks a server has to execute. Efficientmanagement ofappropriatedata structures c.f.Figure3.3) is crucialforthe systems performance. Since explanations ofobserved performance characteristics (c.f.Section 4) willsometimes refer to handlingofthese data structures we will present them in the following: •The rootofourdata structure is a server vector.Since each service inthe system is identified by a unique number, every entry in this vector can address one service.

•Aservice may be realized by multipleprocesses whichallhave the same type, i.e. they correspond tothe same program.Aprocess_type_control_block(ptcb)represents thisprogram. Theptcbcontains informationabout the services, thisprocess typeimplements.Initially,each entryofthe server vectorrefers to the ptcb ofthe communicationprocess. Apparently,ptcbs represent process types but not the processes themselves. This simplifiestask administrationdrasticallyas willbe seen later. On the other hand, this means that a service on a local host cannot be includedinmore than one process type. Hence, we cannot combineservices

{priority, state, *supertask, *parameters, *context, *answers_from_subtasks, ... };

Figure 3.3: Data structures for task management

... server_vector

...

task_control_blocks communication process ProcType 1 ProcType n

active waiting ready process_type_control_blocks

answer_control_blocks (acb)

(ptcb)

(tcb) arbitrarilyto server processes. But this restrictionholds only for a single host, on different hosts we can integrate a service indifferentprocess types. Since itdoes not make sense to start a server process more than once on the same processor (because this causes unnecessary context switches) such a design decision is not a restriction in a distributed system.

•Task_control_blocks(tcb) represent tasks to be executed. They contain informationabout the task’sparameters, itsstate, itssupertask, a listofreceived answers fromitssubtasks and a pointerto its context whichstores the actual state and localvariables ofa task after an interruptionforitsfuturecontinuation.tcbs are allocated inlistsofthe addressed process type. For each state a task may enter (ready, active, waiting), there is a separate list.

•Answer_control_blocks(acb) contain received answers. For performance reasons, a server willinitiallyconnect them to a listin the ptcb, and whilescheduling tasks on the clientside they willbe assigned to their corresponding tasks. Obviously,this procedure causes more overhead on the clientside than on the server side whichcould also reschedule tasks after connectingan answer to its supertask. Butinreal applicationswe expect that task execution on the server side takes longer than task preparation and answer processing on the client side. Furthermore, a clienttask often creates multiplesubtasks and in order to get short response times we have to increase throughput for the server tasks. Therefore, the server should be able to process further tasks as soon as possible. Inorder to save storage operations, tcbs and acbs are taken fromand released to a preallocated pool. The same mechanism is used in some efficientlightweightprocess implementations [ALL89].To be able to installmultipleprocesses offeringthe same service and to allow migrationoftasks between processes, these data structures have to be kept in shared memory.Furthermore,to enable shared use at lowcost access to them has to be synchronizedby the participatingprocesses. Possible synchronizationmechanisms are discussed inthe following subsection. 3.2.3 Synchronization Mechanisms

The main problemin task management is to synchronize the access of multipleconcurrent processes to shared data structures. Asuitable solutionshould enable as much parallelismas possible and at the same timeshould keep synchronizationoverhead as lowas possible. For these reasons, we implemented nRCS using three differentsynchronizationmechanisms to evaluate and compare their influences on RCS performance: •First,we used conventionalsemaphores offeredbyalmost alloperatingsystems. Forthe followingthree reasons, semaphores are only useful in order to lock infrequentlyaccessed shared data with few access conflicts: - operating systems usually only allow for a restricted set of semaphores, - they are very expensive because they always cause operating system kernel calls, - they always cause context switches when the requested resource is locked.

Since separate lockingofmultiplesmalldata units is too expensive, inthis case, larger synchronizationgranules (e.g. a wholetask listinstead of single tcbs), whichlockalldata units at a time,have to be lockedwitha single semaphore. Otherwise,synchronizationoverhead wouldbe too high. On the other hand, large synchronizationgranules restrict the possible amount of parallelismbetween the running processes. In contrast to these characteristics, the functionsofRCS usuallyonlyneed a short timeto manipulatefrequentlyaccessed data. For these reasons, semaphores do not seem to be an appropriate synchronizationmechanism on multiprocessor machines.

•Ina second approach, weexchanged the semaphore operations bylatches. Latches are simple atomictest-and-set operations to be issued at the applicationlevel.Ifa latch cannot get the requested resource, itloops in a busy waitingmanner untilthe request is granted. Ifthe numberofprocesses does notoutnumberthe availableprocessors, weexpect thatbusy waiting does not waste resources, because no other process could use the processor in the meantime. Furthermore,the number oflatches is not restricted and theirexecution and creationis muchcheaper than that ofsemaphores. Inourcase, bus contentiondue to latchoperations[An90]is notan as importantproblemas withfine-grainedparallelismwhere relatively more work is done in critical regions.

•The thirdmechanism is a variationofthe second one. Since indefinitebusy waitingloops of test-and-set operations on a mono-processor host are senseless, we use latches, but we release the processor ifa request cannot be satisfied immediately.Note, that innRCS always at least two processes share the processor of a mono-processor machine (one application process and the CP).

4. Measurements and Results

So far, we have described the functionalityand implementationof RCS. Furthermore, we have sketched the expected performance characteristics froman abstract pointofviewfordifferent implementations.Thissection describes measurements and theirresults inorder to get a quantitativeevaluation.Forthispurpose, a comparisonwithrpc-facilitiesofferedbyoperating systems allowsa better assessment of the system. Before we present the results, we give a descriptionofthe kindofthe measurements, the specificenvironment,the parameter settings, and the measurement procedure.

4.1 Measurement Basics

There are three main objectives for our measurements. First, we want to get real performance data ofour system. Second, we wantto compare nRCS to oRCS and to rpc-facilitiesof the operatingsystems used; these are the onlysuitable mechanisms forcomparisonwe have.

Finally,the various kinds of measurements enable us to better understand the operation of nRCS and its performance characteristics.

Asalready sketched, twodifferenthardware architectures have to be exploited.Withthe first architecturewe investigatethe ‘sharedallocation’case. Forthispurpose, we use a SEQUENT Symmetry(S27)[SEQ]whichisa closelycoupledmultiprocessorsystem offeringshared memory for communicationand task management with8 processors (6MHzIntel80386) running DYNIXV3.0.18.Every processor has a cache of 64 kbytes. The processors and the shared memoryare connected by a 64-bitsystem bus witha channel bandwidthof80 megabytes per second. Furthermore,weexamine the ‘distributedallocation’and the ‘localallocation’case, using workstations (33 MHz SUN SPARC ELC) with SUN OS 4.1.3, connected via Ethernet.

Allmeasurements described here are executed in a conventionalenvironment,i.e. neither the hardware environmentnor the operating system are modifiedfor our measurements. Of course, the machines were exclusivelyused by our measurements. Furthermore,we ensured that foreignnetworktrafficwas negligibleby using a bridge physicallyseparating the twoparticipating workstations of our project from others.

Wemeasured response times forsyntheticallygenerated tasks because thisis the keymeasure ofour application.Inorder to explainthe observed effects, itturned out that furthermeasurements using operating system facilitiesliketime [SUN]or ptime [DYN]had to be accomplished to obtain more informationabout resource utilization.Theirresults are onlydescribed whennecessary. Preceding measurements withgprof[SUN]guaranteed that there are no fatal errors inside the implementations of RCS.

The effect of parallelismwas examined by varyingtwokey parameters, the number of processes used and the number ofsimultaneouslyinvokedtasks withina singleprocess. Inevery measurement, repeated up to 10 times to be sure that reallyno external effects influencedthe results, we executed 10000 tasks. Usually,task parameters and resultvalues are empty,servers onlyaccept tasks and immediatelyreply. Note, that even ifthe result value is empty the server stillrepliesthe task. Figure4.1 shows simplifiedserver and the clientprogramskeletons.

The illustratedperformance figuresshow average values. Inallgraphs presented, the y-axis shows the average response timefora singletask inmilliseconds,i.e. we measured the times fromthe firsttask invocationuntilalltasks had been executed and dividedthiselapsed timeby the number of totally executed tasks.

4.2 Measurement Results

The initialmeasurements compare all three available communication mechanisms (rpc, oRCS, nRCS) using the described allocationschemes (distributed,local,shared) forprocesses to processors (Sect. 4.2.1). Since oRCS and nRCS offersome features rpc-facilitiesdo not have, we subsequently present a more detailed comparison of oRCS and nRCS again using all allocation schemes (Sect. 4.2.2). Finally,we investigate performance characteristics of nRCS withshared allocationin furtherdetail considering features oRCS and rpc do not offer

(Sect. 4.2.3).

4.2.1 Comparison of rpc, oRCS, and nRCS

The measurements started witha comparisonofrpc, oRCS and differentimplementationsof

nRCS using semaphores, busy waitinglatches, and latches causing context switches. In the

distributedand inthe localcase, busy waitinglatches have not been used (c.f.Section 3). Due

to the restrictions of rpc-facilitieswhich do not allowconcurrent invocationof tasks we are

forced to varythe number of clientprocesses in order to achieve parallelism.Since we use a

verysmallnumber ofclientprocesses only(1 to 8), overhead due to task administrationis not

significant.Ofcourse, thiswouldchange withhigherdegrees ofparallelism,automaticallylead-

ingto increased response times. Inorder to compare the measurements, the implementations

usingnRCS and oRCS performsynchronous task invocations,too.Inthe distributedallocation,

onlythe server process on one side and the clientprocesses on the other side are distributed,

i.e. allclientprocesses are runningon a single processor. The results are illustratedinFigure

4.2a forthe shared allocationon a multiprocessorsystem, inFigure4.2bforthe localallocation,

and inFigure4.2c forthe distributedallocation.Note, due to the variationinprocessor power,

the measured timeson the multiprocessorand on the workstationscannot be compared direct- ly. The measurements withshared allocationyieldseveral remarkable results. Firstofall,as al-

ready mentioned, semaphores (Fig.4.2a, nRCS semaphores) require kernel calls and cause

unnecessary context switches in waiting situations such that this implementationbehaves client_program (no_of_tasks, parallelism) { no_of_invoked_tasks = 0; gettime(starttime); for(i=1;(i<=parallelism)&&(i<=no_of_tasks); i++){ Remote_Service_Invocation(measure_server, task_parameters);

no_of_invoked_tasks++; } while (no_of_invoked_tasks<no_of_tasks){

Get_Service_Result(&result_parameters); Remote_Service_Invocation(measure_server, task_parameters);

no_of_invoked_tasks++; } for(i=1;(i<=parallelism); i++){

Get_Service_Result(&result_parameters); } gettime(endtime); avg_task_execution_time=(endtime-starttime)/no_of_tasks; } server_program () { Init_Server(measure_server); while (1) {

Accept_Task(&task_parameters); Reply(result_parameters); } }

Figure 4.1: Structure of Programs implementing Clients and Servers worst. Second, as expected, the implementationwithbusy waitinglatches (Fig. 4.2a, nRCS latches) outperformsallother implementationsofnRCS. Finally,response times ofnRCS are better than those of the rpc-facility.

Thelargerresponse timesinthe case ofa singleclientusingrpcand oRCS arise fromcontext switchesinthe server process aftersending the answer because ithas towaitforthe nexttask. Withan increasing degree ofparallelismthe server requests keep the process runningwhich more and more avoids voluntarycontext switches. In nRCS, increased response times in the single-clientcase are caused by the overhead in the client(c.f.Section 3.2.2); by increasing

0 1 2 3 4 5 6 number of client processes

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00 single task response time [ms]

Figure4.2c (distributed allocation) rpc oRCS nRCS semaphores nRCS latches with context switch

Figure 4.2: Comparison of rpc, oRCS, and nRCS (1 server process, n client processes)

0 1 2 3 4 5 6 7 8 9 number of client processes

0.00

5.00

10.00

15.00

Figure4.2a (shared allocation) rpc oRCS nRCS semaphore nRCS latches with context switch nRCS latches

0 1 2 3 4 5 6 7 8 9 number of client processes

0.00

5.00

10.00

15.00

20.00

Figure4.2b (local allocation) rpc oRCS nRCS semaphore nRCS latches with context switch

the number of clientprocesses this overhead is distributedover more processes thereby reducing the average response time.

Inthe localallocationcase (Fig.4.2b), as expected, inthe rpc and oRCS implementationresponse times do not decrease withincreased clientparallelismbecause the processor is always runninga clientor a server process even in the case of a single clientprocess. Butthe results fornRCS are surprising,because we did not expect the bad response time observed for a single clientand, furthermore,the drasticallyimprovingresponse times withhigher degrees ofclientparallelism.Aquicklookat our measurement environmentdoes not deliverany convincing explanation.

Furtherinvestigationsturned out that the SUNOS-signals forwakingup sleeping processes were responsible forsuch a bad performance.Afterreceivinga signalprocesses cannot be activatedimmediatelybecause the SUNOS previouslyhas to reschedule them. Withan increasingdegree ofparallelism,thisproblemalleviatesbecause inthiscase the other clientprocesses can use the timeto the next scheduling.Inorder to validatethese arguments, we executed the same measurement on the multiprocessormachine, runningthe DYNIXoperatingsystem, withonlya singleprocessor switchedon. The results ofthese measurements, illustratedinTable4.1, confirmedthe expected behavior.Thismeans that iftask executiontimesincrease due to real task processing, whichis omittedinour measurements response times, they do not enlarge inthe nRCS case withfewclientprocesses because the processing timethen can exploit the waitingtimesofthe processes . Contrarily,inthe rpcand the oRCS case theyincrease even

inthe case offewclientprocesses, too.Therefore,inthiscase response timesofnRCS on one and rpc and oRCS on the other hand approximate in the same way as observed formultiple clientprocesses whichdegrade the disadvantage ofnRCS inthese situations. As already observed inthe localallocationcase inthe distributedallocationcase (Figure4.2c),the rpc-mech-anism again outperformsboth RCS implementations.Incomparisonto the localallocation,the overhead for double task creation and result transmission inside RCS (c.f. Section 3.2.2) across host boundaries causes about double response times forboth nRCS implementations. Due to the behavior of signals, the vast number of context switches withthe communication manager does not effect the results noticeably.

Finally,incontrast to the shared allocationcase, we see that the nRCS implementationwith semaphores behaves better than the implementationwithlatches whichcan be explained by

#of clients response time in [ms] 1 14.9 2 15.2 3 16.1 4 16.5 5 18.0 Table 4.1: nRCS, single processor, DYNIX operating system the implementationsofthe latches. Since there is no user callavailableto release the processor and we do not want to change the operating system, we cause the process to sleep forat least one timeslice (10 ms on a SUN)whichincontrast to semaphores causes longerwaiting times. Thiseffectdiminishesifthere are multipleprocesses on the same processor, because other processes may use the waiting time.

4.2.2 Further comparison of oRCS and nRCS

Since both,oRCS and nRCS, are capable ofasynchronous task invocationand ofintegrating clients and services intoa single process, we evaluated and compared performance characteristics forboth implementationsusing these features. Again,we analyzed allthree process allocation schemes. Parallelism

Differentdegrees ofparalleltask invocationshave been investigatedwiththe followingmeasurements consistingofonlyone clientand one server process. Inthe shared case, nRCS with latches leads to much better results than oRCS and nRCS withsemaphores (c.f. Fig. 4.3a). Since waitingsituationsdo notoccurinthisenvironment,bothimplementationswithlatches do not differexcept in the case of sequential execution. Due to task management overhead response timeincreases linearly.Itexceeds response timeofsequential executionat about 200 in nRCS and at about 100 parallel tasks in oRCS.

Figure 4.3b shows the results on the SUNworkstations.Firstofall,because ofless context switches oRCS behaves better inthe case ofdistributedallocationthan inthe case oflocalallocation.Contrarily,nRCS produces better results inthe localcase because context switches can be saved. InnRCS withdistributedallocation,an increasing number ofparalleltask invocations leads to a decreasing number of context switches between the communicationprocesses and the clientand server process, because multipletasks or result may be transferred or processed during a single process activation.Therefore, the number of waitingsituations due to necessary process rescheduling (c.f. 4.2.1) decreases and the difference for the response times ofthe localand the distributednRCS case increases. Furthermore,nRCS even outperforms oRCS in both cases with higher degrees of parallel task invocations.

Embedded Task Invocation Inorder to evaluate the performance oftask invocationsinsidea singleprocess, a clientcreated tasks fora server implementedinthe same process. Since there are no contextswitches necessary, we used the implementationwithlatches keeping the process running.The same environmentwas used on a SUNworkstationand on the SEQUENTmachine, hence, the performance behavior is similarin principal(c.f.Fig. 4.4), but since the SUN processor is much more efficient,itgains shorter response times. Separate measurements compared the situationwhere clientand server were allocated to two processes. The corresponding results are

summarized inFigure4.4. Asexpected, the implementationwithseparate processes behaves

better than the one-process implementationon the SEQUENTbecause the loadcan be distrib-

uted over two processors. On the other side, it is clear that the one-process implementation

1.0 10.0 100.0 1000.0 number of parallel tasks 0.0 5.0 10.0

15.0

20.0

25.0

30.0 single task response time [ms]

Figure4.3a (shared allocation) oRCS

nRCS semaphores nRCS latches with context switch nRCS latches

nRCS distributed nRCS local oRCS distributed oRCS local

Figure4.3b (local & distributed allocation) 50.0

40.0

30.0

20.0

10.0

0.0 number of parallel tasks

1000.0

100.0

10.0 1.0 Figure 4.3: Comparison of oRCS and nRCS (1 server process, 1 client process)

-50 0 50 100 150 200 250 300 350 400 450 500 550 number of parallel tasks

0.00

1.00

2.00

3.00

4.00 local allocation 1 process local allocation 2 processes shared allocation 1 process shared allocation 2 processes

Figure 4.4: Evaluation of nRCS (embedded task invocation) leads tobetter results on the SUNworkstationbecause there are no contextswitchesaftertask invocations.In Figure 4.4, we skipped the peak value fortask execution at very lowlevels of parallelism with two processes in the case of local allocation (see for example Fig. 4.2b).

4.2.3 Detailed analysis of nRCS in the case of shared allocation

Since nRCS is the onlysystem providingallrequired capabilities,and since itturned out to be the best system inourenvironmentwithshared allocation,we investigatedthe performance behavior of nRCS for this implementation in further detail. Number of Processes

Using as few processes as possible keeps the cost for context switchinglow, whereas a growingnumber of processes facilitates load balancing. Therefore, we investigated varying numbers ofclientand server processes. Forthispurpose, we executed the previousmeasurement withdifferentdegrees ofparalleltasks on the multiprocessorarchitecturewithone, three, five,and ten clientand server processes, respectively.Measurements withmore processes always produced worse response times as compared to the case of fiveclients and servers. Generally,ifthe numberofprocesses exceeds the numberofavailableprocessors (inourcase 8)contextswitchesbetween the participatingprocesses lead toworse response times.The important results are shown in Figure 4.5. Firstof all,we see that itis not useful to add multiple server processes to a single client because due to its overhead the client is the bottleneck. Addingmore clients yields better performance forlowerlevels of parallelismin task creation because these clients can workin parallel on their own processors. Witha higher degree of parallelism this performance degrades because of the task administrationoverhead in the server process. Note, every process produces the indicated number of parallel tasks. In the nRCS evaluationofFigure4.5, the best and the worstresponse timesnever differbymorethan a factor of about 2.

1.0 10.0 100.0 number of parallel tasks 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 single task response time [ms]

1 Client / 1 Server 1 Client / 5 Server 3 Clients / 1 Server 3 Clients / 5 Server 5 Clients / 1 Server 5 Clients / 5 Server

Figure 4.5 Evaluation of nRCS (number of client and server processes)

Task Execution Times

Finally,a simple measurement investigates the impact of increasing task execution times which is done by simplyenlarging task administrationoverhead by a rising number of task switches(c.f.Fig.4.6). Increasing execution times lowerparallelismbetween clientand server in our measurement because now the clientis waitingforresults whilethe server is running. This means, as intended withour implementation,the administrationoverhead on the client side is no longerthe bottleneck.Furthermore,these measurements demonstrate the overhead caused by task administrationfor increasing degrees of parallelism,where the observed response times onlydepend on this overhead and the executiontimeofthe tasks becomes less important.

4.2.4 Summary

Summarizingthe results of the described measurements, nRCS fulfillsthe requirements of our application.Especially in the case of shared allocationon the multiprocessor system, it achieves better response times than the older implementationand even than the rpc-facility whichis offeredby the operating system and whichprovides a much simplerinterface. nRCS enables us touse allfeatures toutilizeparallelismas described inSection 3. Optimalresponse times were achieved at a relativelysmallnumber of5 to 10 paralleltasks, but up to about 200 parallelclientrequests response timesare satisfactory,whichallowstoadequately support the kindofparallelismexploitedinour system (c.f.Section 2). We observed differentperformance behavior forvarious numbers of clientand server processes, but because of the simple scenario(except one measurement no real executiontimeand no waitingsituationsinthe server) a general statement about performance characteristics inthese cases is not possible. Thiseffecthas tobe exploredinmore detailina more realisticapplicationconsistingofmultiplelevels of client/server-relationships.Finally,differenttask execution times occurringin real applications may lead to more sophisticated results.

-10 0 10 20 30 40 50 60 70 80 90 100 110 number of parallel tasks

0.90

1.90 single task response time [ms]

0 task switches 1 task switch 3 task switches 5 task switches 10 task switches 20 task switches 30 task switches

Figure 4.6: Evaluation of nRCS (task execution times)

5. Conclusions

Inorder to optimizemechanisms to support parallelexecutionofqueries on complexobjects inourNDBMSPRIMAwe introducedthe Remote CooperationSystem whichprovidesa client/ server communicationmechanism. Compared to conventionalremote procedure callfacilities itoffersan extended functionalitywhichenables additionalkindsofparallelismneeded incomplexobjectprocessing. Onthe clientside, itoffersfunctionstoinvokea service asynchronously and a separate functionto receive results. On the server side, results may be transmitted in multipleparts, whichallowspipelineparallelism.RCS supports a multi-threadingimplementa-tionof servers where multipleservers may be allocated to one process. Moreover,to enable parallelismwithina particularserver, multipleprocesses may be used to staticallyreplicate such a server.

Twoimplementationsusing differentcommunicationmechanisms have been presented. The initialimplementation(oRCS)onlyuses stream sockets forcommunicationwhereas the actual implementation(nRCS) uses shared memory where possible and a specialized process to communicate across host boundaries. Inorder to controlaccess to shared data differentsynchronizationmechanisms have been discussed. nRCS is particularlydesigned forcloselycoupled multiprocessorsystems whichare best suitable for NDBMSsdue to the highlymeshed data structures in complex objects. Data partitioningas used in loosely-coupleddistributed DBMS, turned out to be not recommendable.

Inorder to get an accurate understanding ofthe performance characteristics ofthese implementations, a couple of measurements were carried out on a networkof SUNSPARC workstations and on a SEQUENTSymmetryS27. oRCS behaves better in the distributedsystem. When the parallelismis increased, nRCS’sperformance penalty is alleviatedto a certain extent. Contrarily,as intended nRCS leads to better results on the multiprocessorsystem where latches notcausing any contextswitchesturnedouttobe the best synchronizationmechanism. Inthe distributedcase latches releasing the processor ifrequiredresources are lockedlead to the best results with nRCS.

A comparison withthe remote procedure facilitieson both systems persuades us that the nRCS implementationis a suitable basic communicationsystem in order to efficientlyrealize ourPRIMAsystem. The optimaldegree ofparallelismwithina server is about 10 simultaneous tasks, but the measurements showed that onlyformore than about 200 paralleltasks administrationoverhead and synchronizationconflictslead toremarkablyincreasingresponse times. These characteristics correspond withour hypotheses forour PRIMAimplementation,where coarse grained parallelismnot producing that many tasks in parallel withina single service should lead to effectiveusage ofresources and good performance. On the other hand withincreasing parallelismmost ofthe timeis spent intask administration.Therefore,more adjusted data structures in this case can yield better response times.

These results ofthe described measurements willhelp to understand the performance characteristics ofthe PRIMAsystem whichmay be obtained by furthermeasurements. Inorder to do thistask monitoringfacilitieshave been integrated intoRCS [Hü92].These toolsallowa detailedanalysis ofspecificalgorithmsas wellas ofload distributioninthe system. Inthe future, the influenceofdifferentschedulingstrategies has to be exploredinmore detail.Moreover,we trytoincludethe communicationprocess intoapplicationprocesses whichespeciallyseems to make sense, ifthere is onlya singleapplicationprocess runningon a host. Then, we can save context switches between the communicationprocess and applicationprocesses to improve the response times with nRCS in the distributed system.

References An90 Anderson, T.:The Performance ofSpin LockAlternativesforShared-MemoryMulti-processors, IEEETrans. on Paralleland DistributedSystems, Vol.1, No.1, pp. 6-16, January 1990 ALL89 Anderson,T.,Lazowska,E., Levy,H.:The Performance ImplicationsofThread Management AlternativesforShared-MemoryMultiprocessors,IEEETrans. on Computers, Vol. 38, No. 12, pp. 1631-1644, December 1989 BR89 Bhargava, B.,Riedl,J.: The RaidDistributedDatabase System, IEEETrans. on Software Engineering, Vol. 15, No. 6, pp. 726-736, June 1989 DYN DYNIX 3.0.18 Manual reference pages FHM93 Fang, D., Hammer, H., McLeod, D.: A Mechanism and Experimental System for Function-Base Sharing in Federated Databases, in Hsiao et al. (Eds): Interoperable Database Systems (DS-5), IFIP, pp. 239-253, Elsevier Science Publishers, 1993 GGS93 Gesmann, M.,Grasnickel,A.,Schöning,H.:ARemote CooperationSystem Supporting Interoperabilityin Heterogeneous Environments,Int.Workshopon Research Issues on Data Engineering RIDE-IMS, Vienna, 1993, pp. 152-160 Hü92 Hübel,C., et al.:UsingPRIMA-DBMSas a Testbed forParallelComplex-ObjectPro-cessing, in: Proc. Workshopon Research Issues on Data Engineering:Trans. and Query Processing, Tempe, As., 1992, pp. 38-45 HMMS87Härder,T., Meyer-Wegener,K.,Mitschang,B., Sikeler,A.:PRIMA- ADBMSPrototype Supporting Engineering Applications,in: Proc. 13th Int. Conf. on Very Large Data Bases 1987, Brighton, United Kingdom, 1987, pp. 433-442 HSS89 Härder,T.,Schöning,H.,Sikeler,A.:EvaluationofHardwareArchitecturesforParallelExecutionofComplexDatabase Operations, in:Proc. 3rdAnnualParallelProcessing Symposium, Fullerton, CA, 1989, pp. 564-578 KD93 Keßler, U., Dadam, P.: Benutzergesteuerte, flexibleSpeicherungsstrukturen fürkomplexe Objekte,(inGerman), Stucky,W.,Oberwies, A.(Eds), Proc. Datenbanksysteme in Büro, Technik und Wissenschaft, Springer Verlag, pp. 206-225,

KGM91 Keller,T., Graefe, G., Maier,D.:EfficientAssemblyofComplexObjects, Proc. ADM SIGMOD Conf., Denver, CO, May 1991 Me92 Mehl,H.:DistributedShared Memory- ASurvey -, Report No. SFB124-33/92,University of Kaiserslautern, 1992 Mi88 Mitschang,B.:AMolecule-Atom-DatamodelforEnhanced Applications,(inGerman), Informatik-Fachberichte 195, Springer Verlag, 1988 Mi92 MitschangB.,et al.:SQL/XNF- Processing CompositeObjects as Abstractionsover Relational Data, Proc. 9th Int. Conf. on Data Engineering, Vienna, April1993, pp. 272-282 MB91 Mafla,E., Bhargava, B.: CommunicationFacilitiesfor DistributedTransaction-Pro-cessing Systems, IEEE Computers, pp. 61-66, August 1991 MH92 Manola,F., et al: DistributedObjectManagement, InternationalJournal ofIntelligent and Cooperative Information Systems, Vol. 1, No. 1, pp. 5-42, 1992 Hü92 Hübel,C., et al: UsingPRIMA-DBMSas a Testbed forParallelComplex-ObjectPro-cessing, in: Proc. Workshopon Research Issues on Data Engineering:Trans. and Query Processing, Tempe, Az., 1992, pp. 38-45.

Pa87 Paul, H.-B.,et al:Architectureand Implementationofthe DarmstadtDatabase Kernel System. ACM-SIGMOD,Proc. Int.Conf.on Management ofData, San Francisco, pp. 196-207, 1987 PA86 Pistor,P., Andersen, F.:Designinga Generalized NF2Modelwithan SQL-TypeLan-guage Interface, Proc. 12th Int. Conf. on VeryLarge Data Bases, Kyoto,,pp. 278- 285, 1986 SEQ Symmetry Technical Summary, Sequent Computer Systems, Inc., 1987 Sch93 Schöning, H.: Query-Processing in Complex-ObjectDatabase Systems, (in German), Deutscher Universitäts-Verlag, 1993 SS89 Schöning,H.,Sikeler,A.:ClusterMechanisms Supportingthe DynamicConstruction of ComplexObjects, Proc. 3rd Int. Conf. on Foundations of Data Organizationand Algorithms,Paris, LectureNotes inComputerScience 367, Springer-Verlag,pp. 31- 46, 1989 SUN SUN OS 4.1.3 Manual reference pages SW93 Schek, H.-J., Wolf,A.:Cooperation between AutonomousOperation Services and ObjectDatabase Systems ina Heterogeneous Environment,inHsiaoet al. (Eds):Interoperable Database Systems (DS-5),IFIP,pp. 239-253, ElsevierScience Publishers, 1993 Te93 Teeuw, W.:ParallelManagement ofComplexObjects, The Designand Implementationofa ComplexObjectServer forAmoeba,CIP-DATAKoninklijkeBibliotheek,Den Haag, 1993