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AbstractAn object store provides persistence for an object-oriented database or a special-purpose application such as CAD or hypermedia. In this thesis we examine thearchitecture of an object store in light of the following developments: the cost ofnetwork latency is increasing rapidly in relation to other I/O costs, users demandincreased availability without the added cost of redundancy, and new applicationdomains require specialized secondary search structures for high performance.We determined that these problems could not be solved within any existing objectstore architecture: solving all of them required fundamental changes in the design ofthe object store. We present a novel architecture which takes advantage of asyn-chrony to alleviate latency problems, increase availability, and enable extensibility.We analyze the performance of our prototype to demonstrate the feasibility of suchan approach.Our asynchronous cache-coherency protocol in combination with client diskcaching greatly reduces the cost of network latency. However, without the correctinvalidation protocol, an unacceptable number of aborts results. We experimentallyevaluate several invalidation protocols and introduce a new protocol that providesboth low network overhead and fewer aborts.We introduce a recovery algorithm that improves on the popular and e�cientwrite-ahead logging. No-undo, no-redo write-ahead logging requires no updates tothe database partition during recovery, reducing recovery to a single analysis scan ofthe log. The redos are applied on demand as the objects are read or asynchronously



viiiafter recovery.Our novel architecture allows new secondary storage structures to extend the clientinterface. The new structure is encapsulated in a storage class. The storage classabstraction integrates the new structure with transaction management to providesemantically consistent atomic transactions.
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1
Chapter 1IntroductionThe con
uence of technological advancements and new application requirements de-mands a reanalysis of the architecture and implementation of object storage sys-tems. An object store provides persistence and distribution as a substrate of anobject-oriented database (OODB). Developing the �rst generation of object storeswas a challenge because OODBs extend the traditional notion of a database withan integrated, computationally complete data de�nition and programming language[43, 7, 33]. The demands these extensions place on the object store required entirelynew architectures. Research into the architecture of object stores yielded the impor-tant results covered in Chapter 2, but this work needs to be reevaluated in light ofthree factors.First, improvements in network bandwidth cannot yield corresponding improve-ments in overall system performance without protocols tuned to new cost factors.I/O latency is already a problem for distributed systems and the problem is becom-ing more acute. Bandwidth is increasing in proportion to other system resourcessuch as memory size and CPU speed. However, latency is not improving at the samerate, causing an imbalance that increases the cost of latency relative to other systemresources.Second, users now require not only that their data persist after a failure, but also



2 CHAPTER 1. INTRODUCTIONthat it be available shortly after or even during the failure. A group of designers work-ing against a deadline will not tolerate long downtimes for their CAD system. Theproblem of availability is even more acute in a computer-integrated manufacturingsystem where the database must respond to hard real-time constraints. High avail-ability can be achieved through redundancy [27, 37], but the cost quickly becomesprohibitive. Highly available systems will not become widely used unless the resourcerequirements are reduced.Third, applications such as hypermedia, geographic information systems, and thehuman genome project require new storage structures that cannot be supported e�-ciently by existing object stores. For example, geographic information systems requiree�cient multidimensional dynamic search structures for secondary storage, an area ofactive research [18, 16]. OODBs support new abstractions on top of the database, butthe performance advantages of new secondary search structures must be realized notin a layer above the database, but in new secondary search structures incorporatedinto the OODB.1.1 Thesis StatementDuring the research leading to this thesis we investigated solutions to the aboveproblems. We determined that addressing of them required not simply augmentingan existing object store, but rather making fundamental changes in the design of theobject store. This investigation addresses the following hypothesis:Asynchrony solves many problems facing object storage sys-tems.� It alleviates the network I/O bottleneck.� It increases availability.� It makes possible extensibility.



1.1. THESIS STATEMENT 3Asynchronous systems di�er fundamentally from traditional database implemen-tations built on a synchronous computation model. Asynchronous systems do not de-pend on the timing of operations and thereby introduce the potential for opportunism.Further, there is less dependence among modules, which facilitates the integration ofnew storage structures.High performance in a distributed system requires strict control of I/O costs.Cache coherency in a traditional client/server database architecture is based uponmany small synchronous operations [14]. In a centralized system, communicationis not an issue, but in a distributed system, these synchronous operations resultin numerous small blocking messages. These messages are particularly expensivebecause they must be sent immediately and the cost of initiating a message cannotbe amortized over a reasonable amount of data. Transforming them into asynchronousmessages allows them to be delayed and bundled into larger, less expensive messages.A system failure in a traditional database system requires that all operationspending at the time of the failure be executed synchronously before the database canbegin servicing a new request even if the request is for an object with no pendingoperations. An asynchronous system tolerates this harmless inconsistency and canbegin servicing requests before all pending operations are executed. This 
exibilityis an advantage during normal operation as well, because during peak periods oper-ations on less important portions of the database can be delayed without sacri�cingcorrectness.Constraints on the timing and ordering of operations in a synchronous systemmodule restrict the range of possible implementations. An asynchronous system spec-i�es only what needs to be done, without specifying how it is to be done in the formof orderings or timings. Asynchrony frees the designer to implement a new module inwhatever way best suits its abstraction. For example, once asynchrony is introducedinto cache coherency, not only can small control messages be bundled, as mentionedabove, but also new asynchronous cache-coherency protocols can be developed to



4 CHAPTER 1. INTRODUCTIONbetter exploit the opportunities asynchrony permits. The protocol we developed isintroduced in the next section.1.2 ContributionsWe investigated the bene�ts of asynchrony in the design and implementation of theBrown Object Storage System (BOSS). BOSS demonstrates the feasibility of looselycoupled asynchronous architecture. Our investigations resulted in contributions inthe areas of cache coherency, recovery, concurrency control, and object store imple-mentation.1. Multiple Cache-Coherency PoliciesBOSS does not depend on cache coherency for transactional correctness. Thisprovides ultimate freedom in choosing a cache coherency policy. It is likely thatfor common workloads it is desirable occasionally to let the cache drift out ofsynchronization because communication costs will be greatly reduced. Reducingthe cost of maintaining client caches makes it possible to cache large amounts ofdata for long periods of time on the client's local disks. In addition, allowing thecaches to drift temporarily means that communication failure can be toleratedand may eventually allow support for disconnected, mobile operation.2. E�cient Recovery TechniqueBOSS's recovery algorithm improves on the popular and e�cient write-ahead-logging [17]. BOSS's no-undo, no-redo write-ahead-logging does not require anyupdates to the database partition during recovery, reducing recovery to a singleanalysis scan of the log. The redos are applied on demand as the objects areread or asynchronously after recovery.3. Local Concurrency ControlBOSS applies the theory of local concurrency control to separate concurrencycontrol and storage management concerns [46]. Objects in BOSS are fully ab-stract with respect to the transaction manager, a model that supports all exist-ing database access methods as well as any that may be invented in the future.No other database system has applied this theory in this way.The primary software artifact of this work is the BOSS implementation. Theimplementation operates in a network of Sun Sparc10 workstations running SunOS



1.3. THESIS OVERVIEW 54.1. We have used the implementation as an experimental testbed to explore theadvantages of client disk caching and also di�erent cache-coherency protocols. Theseinvestigations led to the design of a new cache coherency protocol called \invalidateon abort".1.3 Thesis OverviewThis �rst chapter describes the challenges and contributions of this thesis. The nextchapter contains background information for readers unfamiliar with the �eld. Itintroduces two broad areas. First, the chapter reviews the history of work in ob-ject storage which began when it became clear that 
at �les did not o�er enoughstructure and relational databases incurred too much overhead for new applicationdomains. Second, the chapter describes asynchrony as it is used in the BOSS designand implementation.The third chapter begins the technical portion of the thesis. It contains a high-level overview of the BOSS architecture and introduces the concept of a storage class.Chapter 4 describes how a storage class interacts with the rest of the system, howa storage class is constructed, and how to add a new storage class. Chapter 5,Global Transaction Management, describes the BOSS transaction manager designwhich exploits user de�ned atomic datatypes. The �nal architecture chapter, Chapter6 on Memory Object Management, describes how BOSS supports the addition of anew storage class by providing high-level support for memory management.Chapter 7 contains the results and analysis of performance experiments. After theBOSS prototype was complete, we performed experiments on its asynchronous cachecoherency protocols. These experiments led to a new cache coherency protocol thataggressively exploits asynchrony.Chapter 8, comparing BOSS to other systems, shows that BOSS di�ers from othere�orts in two main areas: it is extensible and it has an asynchronous architecture.



6 CHAPTER 1. INTRODUCTIONNew storage structures allow support for new application domains and exploit seman-tics for higher performance. Objects can fall out of synchronization without impact-ing correctness, a nondeterminism that o�ers many opportunities for optimizationunavailable in a synchronous system.We have found the BOSS architecture quite robust. Several developments havecome along after the design and implementation of the prototype that �t well into theBOSS framework. The �nal chapter summarizes the contributions of this research.



7
Chapter 2BackgroundIn the interest of completeness, we present the history of object storage technology.In addition, we describe algorithms for two BOSS subsystems, cache coherency andrecovery.2.1 ObServerObServer was the �rst object server our group developed [9, 13, 21]. The projecthad two main objectives: to support e�cient traversal of an object space that sup-ports identity [4] and to provide the primitives to support cooperative transactionsynchronization for design environments [34, 24].An object in ObServer consists of a unique object identi�er (OID) coupled witha variable-size block of bytes. The OID labels the object's data and provides clientswith a handle to the object. Because ObServer was intended to support di�erenttypes of systems and object formats, ObServer has no knowledge of the structure ofan object. Only client applications can interpret the semantics of an object.E�cient traversal of a highly connected object space is a serious problem in arelational database [44]. ObServer minimizes the cost of navigating a complex graphby clustering related objects together on disk so they can be retrieved as a group.



8 CHAPTER 2. BACKGROUNDBecause it does not know the semantics of its objects, ObServer cannot determinethe best groupings. Rather, it provides the segment abstraction as a unit of physicalclustering whose contents are guaranteed to be stored contiguously on disk.Traditional database systems provide a competitive transaction abstraction togroup primitive database operations. Transactions compete for resources and the jobof the database is to keep a transaction from observing the intermediate results ofother transactions [3, 29, 36]. Design environments have a di�erent set of criteria.Two designers should be able to cooperate interactively as they work: the designerof a support structure for an aircraft wing should be able to interact with anotherdesigner working on the control surfaces. ObServer provides an extended lock setthat allows transactions to cooperate in a controlled manner.2.2 The Persistent Object Management SystemThe approach ObServer takes to the design of a persistent object store is to strip awayunnecessary functionality from a traditional database to yield an e�cient, unrestric-tive kernel on which advanced applications can be constructed. Another approach isto augment the runtime structures of a high-level programming language to providepersistence and transaction semantics. This is the approach taken by the PersistentObject Management System (POMS) [1].POMS extends the runtime virtual memory heap into stable storage. Because thedatabase is an extension of a language, the database objects parallel the runtime ob-jects. The objects are structured and typed, unlike ObServer's untyped, unstructuredobjects. Some issues this approach raises are the need to type-check data that mayexist beyond the life of the program that created it and the need to reconcile stablememory locations with virtual memory pointers. ObServer does not face these issues,but anyone designing a language on top of ObServer eventually must deal with them.



2.3. THE EXODUS STORAGE MANAGER 9POMS provides support for transactions by using shadow paging. As a transactionprogresses, the original copies of objects are not modi�ed. Rather, shadow copies ofobjects are created. Upon completion of a transaction the shadow copies replacethe originals through careful pointer manipulations and then the space used by theoriginals is reclaimed. POMS transactions provide atomicity and recoverability for asingle user, but do not confront the issues of multiuser concurrent access.2.3 The Exodus Storage ManagerThe two systems previously described are persistent programming languages withspecialized object stores. The Exodus project [7, 39, 5] o�ers a persistent program-ming language, E, built on top of the Exodus Storage Manager (ESM), a standaloneobject store [6]. Several other OODBs use ESM for persistent storage [47, 2]. ESMprovides applications with the abstraction of objects, but the unit of transfer betweenthe client and server is the page. For this reason, ESM is a page server rather thanan object server, which moves objects or segments between the client and server.The objects that ESM builds on top of pages are divided into two groups: largeand small. Small objects �t within a page. The identi�ers of these small objectsreference the page and an index in the page, a level of indirection that allows smallobjects to move with a page. Large objects are built using a B-tree optimized forlarge insertions and deletions and for appending to the \end" of the tree.In addition to functioning as the unit of transfer, pages are also the unit of concur-rency control and recovery. ESM uses a pessimistic two-phase locking protocol. Whena client wants to read or modify an object on a page, it requests the appropriate lockon the page from the server. When a page is initially fetched from the server, a sharedlock is implicitly granted, and, at the end of a transaction, all locks are released [10].ESM generalizes the ARIES recovery system for a client-server environment [15].



10 CHAPTER 2. BACKGROUND2.4 Concurrency ControlThese next three sections present algorithms rather than speci�c systems. This sec-tion discusses the optimistic, user-de�ned concurrency-control protocol used in BOSS.The next section describes the di�erence between a synchronous and asynchronouscache-coherency protocol (BOSS actually has the ability to use either). The �nalsection presents a standard means of crash recovery.Traditional database concurrency control provides correct concurrent operationfor only one or a small set of system de�ned datatypes, record, page, �le, B-tree, etc.User-de�ned atomic datatypes allow implementors to design their applications usingthe best suited datatypes [46], the advantage being that higher levels of concurrencycan be achieved than by using only system-de�ned datatypes.The correctness of transactions is a global property because it is a constraintacross all operations on all objects. However, correctness of an individual datatype islocal: it concerns only operations on objects of that datatype. The theory of atomicdatatypes separates local from global correctness and thus allows new, user-de�neddatatypes with local correctness criteria to augment the system.The basic requirement of atomic datatypes is that all types must serialize trans-actions in the same order. The criteria used in BOSS, dynamic atomicity, serializestransactions in the order in which they commit. Of the several global criteria dis-cussed in [29], we chose dynamic atomicity because it covers both two-phase lockingand the optimistic protocol that makes asynchrony possible in BOSS.BOSS uses con
ict-based backward validation to maintain global correctness [20].This protocol checks committing operations against previously committed operations.The alternative, forward validation, checks committing operations against operationsthat intend to commit. Under backward validation, if there are no committed opera-tions that could have changed the outcome of the committing operation, then there isno con
ict and the operation is allowed to commit. If all operations in a transactionare allowed to commit and there are no system failures, the transaction commits.



2.5. CACHE COHERENCY 112.5 Cache CoherencyCache coherency is the most notable example of the di�erence between a synchronousand an asynchronous algorithm. The goal of cache coherency is to keep the states ofall objects in the di�erent caches synchronized with each other and with the stablestate. The following examples illustrate the messages required to update an objectX that is already cached at several clients. The �rst example (Figure 2.1) follows thecallback locking protocol with invalidations [22, 14]. This protocol is synchronous inthat all of the copies of an object have exactly the same state. The second example(Figure 2.2) follows the protocol used in BOSSan asynchronous protocol that allowsthe di�erent copies of an object to drift out of synchronization.Figure 2.1 shows three clients A, B, and C and one server S. To begin with, allthree clients cache the object X. The diagram shows only the messages between thenodes in the network and illustrates none of the contents of the nodes. Under thecallback locking protocol, possession of an object implies the ability to read the object.Thus, X can be read by the clients without any messages to the server.
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0. Clients A, B, and C possess an object X.1. Client A requests a lock on X during transaction and waits for response.2. Server requests an invalidation from the other clients holding X and waits for a response.3. Clients B and C acknowledge request sometime later.4. Server grants client A an exclusive lock on X.Figure 2.1: The messages required for synchronous cache coherency.



12 CHAPTER 2. BACKGROUNDIn the synchronous case, client A must acquire an exclusive lock on X before anupdate. The lock acquisition requires one round trip to the server. At the server,two concurrent round trips are required to invalidate the copies of X at B and C. Thetotal cost of acquiring one lock is two round-trip delays and, more importantly, sixsmall messages on the network.The asynchronous alternative in Figure 2.2 begins with the same initial con�g-uration. There is a copy of X at each client. This alternative tolerates di�erencesbetween the caches, so that client A simply updates X without any messages to theserver. At this point the copies of X at B and C are not synchronized with the copyat A. To commit the update and indirectly invalidate the other copies, A sends amessage to the server. Once the server learns that X has been updated, it invalidatesthe copies at B and C. Since this operation need not happen immediately, it is delayedand combined with other invalidations to avoid unnecessary small messages.
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0. Clients A, B, and C posses an object X.1. Client A noti�es server of an update to X sometime after the update.2. Server noti�es clients B & C of the update to X sometime later.Figure 2.2: The messages required for asynchronous cache coherency.The total cost for the asynchronous case is two messages, neither of which istime-critical. The second message is guaranteed to be large and therefore relativelyinexpensive compared with the numerous small messages it replaces. The �rst mes-sage is likely to be of reasonable size because a transaction usually updates more thanone object. Note that, the synchronous case also sends a commit message not shown



2.6. RECOVERY 13in the diagram.In this example, asynchronous cache coherency is clearly preferable to synchronouscache coherency, but asynchrony introduces a potential risk. The database is not per-fectly synchronized; therefore, any transaction that happens to observe an inconsis-tency could generate an erroneous result. To avoid an erroneous result, a transactionthat observes an inconsistency must be aborted and retried. This is not a great prob-lem for low-contention workloads, but for workloads with high contention the cost ofthe retries is greater than the savings in messages. Chapter 7 discusses this topic.This example shows the di�erences between synchronous and asynchronous cachecoherency: the asynchronous protocol accomplishes the same task as the synchronousprotocol only a little later and using signi�cantly fewer messages.2.6 RecoveryRecovery is another area in which a signi�cant di�erence exists between synchronousand asynchronous protocols. Traditional write-ahead logging (WAL) is a synchronousprotocol [17] that synchronizes all copies of every object before normal operationbegins. BOSS introduces an asynchronous algorithm that does not have to modifyany objects to achieve synchronization (See Chapter 5).W
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Figure 2.3: Recovery passes in traditional WAL.Traditional write-ahead logging (WAL) places potential changes (redo records)and a means to correct the changes in the event of a problem (undo records) into a



14 CHAPTER 2. BACKGROUNDlog before the change is applied to the database. After a failure, the log is analyzedto determine which records need to be redone and undone. Once the analysis is�nished, the redo pass synchronizes the entire database with the state at the time ofthe failure. However, this state may re
ect some partial changes from transactionsthat were terminated as a result of the failure. These partial changes are correctedin an undo pass that synchronizes the database not with any particular wall-clocktime, but rather with the internal system time just after the last transaction commitbefore the failure. All three of these passes require scanning the log and the last passrequires updates to both the log and the database.ARIES (Algorithm for Recovery and Isolation Exploiting Semantics), a variantof a write-ahead logging protocol, developed at IBM Almaden Research Center [32]supports faster recovery in a pessimistic system using a log sequence number (LSN).An LSN is the index of a log record that is used to e�ciently determine the state ofa page with respect to the stable state, the net e�ect of all committed transactions.Each page is tagged with the LSN of the last operation applied to that page. LSNsare assigned in an ascending sequence, so that determining whether an operation hasbeen applied to a record or object on a page requires only checking the magnitudeof the LSN of the object and the LSN on the page. If the LSN on the page is greaterthan or equal to the operation's LSN, the operation is re
ected in the state of thepage; otherwise, the operation is not yet re
ected in the state of the page.The POSTGRES Storage Manager [45] supports transaction management with-out using a conventional WAL. POSTGRES uses an update log with a large amountof non-volatile RAM to avoid synchronous writes at commit and attain instanta-neous recovery. The algorithm does not require the non-volatile memory; however,its performance degrades to the point that it is signi�cantly more expensive thanWAL to operate during normal processing. The BOSS recovery algorithm builds onthis general approach, but provides the e�ciency of write ahead logging during nor-mal processing and nearly the e�ciency of POSTGRES during recovery without any



2.6. RECOVERY 15special hardware (See Chapter 5).
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Chapter 3High-Level ArchitectureBOSS takes a new approach to the design and implementation of an object store.BOSS is a complete working system in which all the issues have been addressed, butin many cases in a di�erent manner from in a traditional object store. BOSS has anasynchronous, modular architecture that o�ers extensibility and high performance ina client-server network of advanced workstations.3.1 Computation ModelEarly object servers and page servers o�ered support for multi-client, single-serveroperation. To support more users, provide access to more data, and take advan-tage of advances in hardware technology, however, object servers have become fullydistributed, multi-server systems.Figure 3.1 shows three end-user applications: a VLSI tool, a CAD tool, and a hy-permedia application. Each of these is implemented using a client OODBimplementedon top of BOSS. Applications on the client machines communicate with BOSS via aclient stub, one BOSS client stub per client. The client stub runs in the address spaceof the OODB and the protection boundary between the database and the applicationis implemented by the OODB. The OODB calls operations on the stub of a storage



18 CHAPTER 3. HIGH-LEVEL ARCHITECTUREclass that result in computation at the client or communication with the server. Notall operations result in communication with the server. The client communicates withthe server once to fetch the object and once each time a transaction that read the ob-ject commits, no matter how many times the object is read or how many transactionsread the object.
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Machines Abstractions

BOSS ServerBOSS ServerFigure 3.1: An overview of the BOSS distributed environment.In our computation model, the client explicitly contacts each of the servers fromwhich it needs information and the servers communicate with each other only tosynchronize for distributed commit. BOSS's function is to provide persistent storagefor objects. It does not aim to support general distributed computation, so server-to-server communication is not required.3.2 ModularityBOSS's internal interfaces are �xed and well de�ned, while the architecture allowsextension of the interface BOSS presents to client applications, BOSS lets new storage



3.2. MODULARITY 19structures be added to the system as storage classes. A storage class is a vertical slicethrough the layers in the memory hierarchy (See Figure 3.2). Each piece of this slicehas a well-de�ned interface. The external interface it presents to the client OODBdepends on the semantics of the storage class. The rounded rectangles are abstractdata types (ADT s) that span the client and server: each rounded rectangle containsthe operations that the ADT provides to the client application.The topmost layer in Figure 3.2 operates on the client machines. This layercontains only volatile information, as client machines are not fault tolerant. Clientsoperate on copies of objects in their caches. The server implements fault toleranceon non-volatile storage and maintains the primary copy of all objects.Figure 3.2 shows an abstract view of BOSS con�gured with two storage classes:segments and B-trees. Segments consist of any number of variable-sized byte streamsthat support fetch, read, write, and create operations. B-trees contain associationsbetween values and objects and provide insert, delete, �nd, and create operations.Client
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Figure 3.2: Layers and vertical partitions.Figure 3.2 also shows how BOSS vertically divides basic system services. A sessionmanager (SM) is responsible for maintaining connections to active clients and otherservers. The transaction manager (TM) synchronizes the operations on all objects inall the di�erent classes. The name manager (NM) allocates names that the classesuse to identify objects and assists in object location. The basic system services arethe same in all con�gurations of BOSS; only the storage classes change.



20 CHAPTER 3. HIGH-LEVEL ARCHITECTURE3.3 AsynchronyIn a distributed system, communication overhead can become a bottleneck. Increas-ing network bandwidth alleviates the problem to a certain extent; however, networklatency is not improving in proportion to bandwidth [8]. The cost per unit of infor-mation is signi�cantly greater for a small message than for a larger message. Anotherimportant cost measure is the round-trip latency for synchronous communication,which is the basis of many concurrency-control and cache-coherency algorithms. Asynchronous communication consists of a remote call and a return message. Suchcommunication is particularly expensive because the sending process is blocked untilthe communication completes (while blocked, it cannot accomplish any other work).Failure presents another problem in a distributed system, where many componentscan fail independently. When one component fails, the rest of the system needsto continue processing. If the failed component is on the path of a synchronouscommunication, the sender is blocked until the component recovers; that is, the failurepropagates to the sender.Asynchrony is a useful tool for addressing problems stemming from communicationlatency and partial failure. Asynchrony is the ability to let related elements of thedatabase evolve independently, that is without synchronization. Thus, two or morevalues that are logically updated together are allowed to physically change at di�erentrates. Asynchrony is particularly advantageous in a distributed system where thecommunication cost to synchronize remote portions of the database is high. Anadditional bene�t of asynchrony is extensibility: because an asynchronous systemhas fewer dependencies, greater modularity can be achieved.BOSS's optimistic concurrency-control protocol does not enforce synchronization,but rather checks for the appearance of synchronization at the end of each transaction.If the transaction observed objects that were not synchronized with the stable state,the transaction is aborted. Several protocols to avoid this problem are explored inChapter 7.



3.4. THE OBJECT 213.4 The ObjectThe modular, asynchronous architecture is re
ected in the common attributes of allBOSS objects. Every object has a unique object identi�er (OID) and a timestamp.The timestamp allows BOSS to detect copies of objects that are out of synchronizationwith the stable state.OID s in BOSS have the special property that the object's storage class can beextracted by the name manager. Typical object-oriented systems dispatch messagesto methods based on the object the message is sent to. In BOSS the object need notbe resident in the cache at the time a message is sent. Further, an object's storageclass determines how the OID is dereferenced, so that, the object's storage class mustbe determined before it is dereferenced. This is accomplished by a tag in the OIDthat encodes the object's storage class. Since there are few storage classes, this tag iscompact. The following chapter describes the internals of the storage class abstractionin detail.
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Chapter 4The Storage ClassNew applications such as hypermedia, geographic information systems, and the hu-man genome project require storage structures that are not directly supported byexisting object stores. Implementing these structures e�ciently on top of an objectstore poses performance problems because it requires access to most aspects of theobject store's implementation: concurrency control, cache coherency, recovery, objectlocation, and memory management.One of the distinguishing features of BOSS is its ability to extend its interfacewith new abstractions via the storage class. This ability is important for two reasons:�rst, it gives clients higher-level access to their data and second, the storage class hasaccess to the above aspects of the BOSS implementation.Interfacing at a higher level gives BOSS knowledge of what clients are tryingto do rather than just how they are trying to get it done. This knowledge opensopportunities for optimization that may be exploited through the interfaces BOSSprovides to the storage class.A storage class contains BOSS objects. All objects have a unique object identi�er(OID). However, the interface the object exports is determined by the storage class,and is not restricted by BOSS. This novel feature has implications for concurrencycontrol and recovery.



24 CHAPTER 4. THE STORAGE CLASSEach storage class de�nes its own local type-speci�c correctness criterion thatis mediated by a global timestamp-based optimistic protocol. The advantages oftype-speci�c concurrency control are discussed at length in [46]. In short, higherpotential concurrency can be achieved by taking advantage of the semantics of thevarious operations that can be performed on an object. Concurrency control andrecovery are performed on a per object basis within a class. The class determineswhether each object was accessed correctly, and the transaction manager determineswhether the entire transaction can commit. Recovery is also based on an object'ssemantics. The transaction manager logs the operations performed on an object, notthe physical storage that was modi�ed. Logging operations permits objects to berecovered individually, as discussed in Section 5.3.One of the major advantages of a storage class is that it gives the implementorcontrol over how and where the state of an object is implemented. There is a tradeo�between performing an operation at the client on a copy of an object and performingthe operation at the server and sending the result to the client. Sending the object tothe client has the advantage that the object can be cached. Performing the operationat the server requires that the object stay in the server bu�ers for a longer period oftime and requires greater server CPU resources. BOSS allows the implementor controlover object motion and location so that the best performance is achieved.BOSS provides greater control over the physical aspects of an object's implementa-tion than an OODB, but OODBso�er some functionality that BOSS does not. BOSShasno way to compose or extend storage classes to create new storage classes. Further,objects store references to other objects in the form of OID s, but the operations onstorage objects cannot follow these links. This functionality must be provided in anOODB implemented in a layer above BOSS.While these abilities are not traditionally included in an object store, they wereconsidered for BOSS. Inheritance and composition were rejected because their inclu-sion would have entailed using an object model. Since one of the major advantages



4.1. LOCAL CONCURRENCY CONTROL 25of an object store is that it does not enforce the restrictions and overhead of oneparticular object model, these abilities were rejected.The ability to dereference OID s was rejected for another reason. Servers com-municate only to synchronize, so one server cannot ask another server to perform anoperation or provide the value of an object. Therefore, at the server the argumentsto an operation on an object must be either values or references to objects. For thesereasons, the implementation of a storage class is concerned only with the representa-tion of independent storage objects. The relationships among objects are exploitedat the client by the OODB.This chapter describes the storage class and presents several examples. Section4.1 presents the interfaces common to all storage classes. Then the dynamics of theinterface between that storage class and the transaction manager (TM) are described.Section 4.3 presents the storage class in the base implementation. The �nal twosections discuss the addition of a new storage class and present as an example anoti�cation storage class.Extensibility requires that storage classes be easy to design and construct. Thisimplies that one storage class should not be impacted by the existence or implemen-tation of another storage class. Also, the implementation of a storage class shouldnot be tantamount to the implementation of an entire object store. The �nal sectionof this chapter demonstrates the feasibility of extending BOSS by the addition of astorage class that exercises all of the major interfaces. This extension does not impactother storage classes or require a signi�cant implementation e�ort.4.1 Local Concurrency ControlThe interfaces between the storage class and the rest of the system are critical forboth performance and functionality. The goal behind separating the storage classabstraction from the object store's implementation is to provide the ability to improve
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eFigure 4.1: The �xed storage class module interface.performance with specialized storage structures tuned to a particular application'sneeds. This goal requires a set of interfaces that allow a great deal of 
exibilitywithout undue overhead.The goal is met in large part through an e�cient implementation of user-de�nedatomic datatypes [46, 20]. The storage class cooperates with the transaction managerfor correctness. The storage class implements a local policy suited to its semanticsfor which the storage class designer guarantees correctness. The transaction man-ager implements a global policy that coordinates the local policies to yield correctexecutions.Figure 4.1 illustrates the storage classes interfaces. The boxes correspond to ab-stractions. A notch into a box is an interface the abstraction supports and a notchextending from a box is an interface the abstraction exploits. Two divisions are shownin the diagram, that between local and global concurrency control and that betweenclient and server. The internals of the transaction manager (TM) are described inChapter 5. Here we describe four storage-class interfaces: the client API, the inter-nal interface between the client and server, the interface to the client TM, and theinterface to the server TM.



4.1. LOCAL CONCURRENCY CONTROL 274.1.1 Storage Class ClientThe storage class client consists of three interfaces. The client API is unrestricted,as are the interface a storage class exports and the internal interface to the serverportion of the storage class. The interface to the client portion of the transactionmanager is structured to achieve atomicity for the storage classes' operations.The storage class client and the transaction manager client have a peer-to-peerrelationship. The storage class client informs the transaction manager of the oper-ations. In return, the transaction manager informs the storage class client of globalevents that could a�ect the correctness of future operations. The remainder of thissection describes the protocol by which this is done.The storage class client implements the abstraction it provides to the client withtwo sorts of operations: transactional and server. Transactional operations are medi-ated by the TM for atomicity. Read-object and write-object operations are examplesof transactional operations. Server operations do not a�ect the stable state of thedatabase. A fetch operation that moves an object from the server into the clientcache without allowing the client to view the object or modify its state is a serveroperation. Server operations are described fully in the next section.The transactional operations performed by the storage class client are not passeddirectly to the server. Any operation that observes or modi�es the stable state ofthe database must be mediated by the transaction manager. A storage class de�nesthe operations that observe and a�ect the stable state. These operations are passedinto the TM via the LogOperation entry point. Within the TM the operations arecombined with operations from other storage classes and committed as an atomicgroup. Section 4.3 describes LogOperation for a common storage class.The TM client informs the storage class about changes in an object's state viacallbacks. BOSS does not prescribe the implementation of the callbacks, only theirinterface and e�ect on the state of the cache. There are three callbacks in the inter-face: Acknowledge, Rollback, and Invalidate. If a client's transaction commits,



28 CHAPTER 4. THE STORAGE CLASSAcknowledge is called once for each modi�ed object. This invocation will contain theobject's new timestamp. The storage class can then place the new timestamp in theobject so the dirty copy of an old version becomes a clean copy of a new version. Ifa client's transaction aborts, Rollback is also called once for each modi�ed object.However, this invocation must either discard the dirty object or revert it to its pre-vious state in order to leave the cache in a state consistent with the current stablestate.Invalidate is called to inform a client that an object has been updated. BOSSdoes not rely on cache coherency for transactional correctness; and thus, this callbackmay occur at any time. Once Invalidate informs the storage class that an object inits cache is no longer valid, the storage class can then either discard the object or bringit up to date. Chapter 7 explores the tradeo�s involved with this performance-criticaloperation.4.1.2 Storage Class ServerThe storage class server exports two interfaces: the internal client-server interface andthe interface to the TM server. The internal client-server interface at the server is themirror image of the interface at the client. The storage class and the TM cooperateat the server to determine the atomicity of operations and to update the stable copyafter a successful commit.The TM has no knowledge of the semantics of the individual operations performedby the storage classes, and thus, it cannot determine their correct concurrent seman-tics in isolation. The TM relies on the Conflict operation for this task. Each stor-age class determines the correct concurrent semantics for its operations and encodesthem in the Conflict operation. Conflict accepts a transactional operation as itsone argument and returns true if its argument con
icts with a previously committedoperation and false otherwise.The TM assists the storage class with the GetVersion operation, which returns



4.2. EXAMPLE INTERACTIONS 29the most recent timestamp of any object. The timestamp is maintained by the TMin a structure de�ned in Section 5.1.If none of a transaction's operations con
ict, the transaction commits its updates.Again, the transaction manager does not know the semantics of the individual op-erations. The operations are passed back into the storage class via the Apply entrypoint. Because BOSS has an asynchronous architecture, Apply need not be calledduring commit processing. A transaction's updates can be applied lazily in the back-ground, as explained in Section 5.6.4.2 Example InteractionsTwo examples illustrate the interactions between the storage class and the transactionmanager and the workings of the storage class itself. The �rst example, Figure 4.2,follows the course of one transaction, T, through some of its signi�cant events. Thesecond, Figure 4.3, follows one object, O, through a storage class. The boxes in the�gures represent system components on both the client and server machines. The toppart of each box is the client portion, the bottom part the server portion. The labelsin the diagrams correspond to the labels in the text, and the text presents the eventsin the order in which they occur.4.2.1 The Storage Class and Transaction Manager1. Begin: Begin is the �rst message in a transaction. In response, a client stubcreates a transaction identi�er T.2. Operations: The operations that a client OODB calls on the client stub canbe di�erent from those that are actually sent to the server. Also, the numberof operations sent may di�er from the number actually invoked on the clientstub. For example, the OODB may invoke many write operations, but only oneupdate is sent to the server.3. Intention Rec's: The operations of T are sent to the server in intentionrecords. These records are streamed to the server to reduce I/O at commit.



30 CHAPTER 4. THE STORAGE CLASS
Force

Intension Rec’s

Outcome

Conflict Check

Operations

Operations

Commit

Server

Stable
Store

Network

Client
Stub

Begin

Storage
Class

Transaction
Manager

C
om

m
it 

R
ecO

utcom
eFigure 4.2: The transaction manager and a storage class.4. Commit: To save the modi�cations made during the transaction, the clientissues a commit message to the transaction manager. The client transactionmanager then sends a force message to the storage class and a commit recordto the server transaction manager.5. Force: In response to the force message, the storage class puts any of T'sremaining operations in an intention record. The force message blocks until thisoperation is complete.6. Commit Rec: The �nal intention record is combined with a commit re-quest for T and sent to the server. The server stores these operations in thetransaction history.7. Con
ict Check: At the server, the TM calls the con
ict operation for eachobject in the intentions records for T. The storage class interface supportsthe con
ict operation. Con
ict returns true if T's operation con
icts with apreviously committed operation.8. Outcome: Provided there are no con
icts, T is committed at the server. Theclient TM is noti�ed of the outcome after a commit record has been forced tothe log. If Tmust abort, the client stub must 
ush any objects that T modi�ed.9. Operations: After T commits, its operations may be applied at the server.These operations are of a restricted form described in Section 4.5.



4.2. EXAMPLE INTERACTIONS 314.2.2 Storage Class InternalsThe next example follows the path of a simple object, O, as it moves through thelayers of a storage class. O supports only read and write operations.
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32 CHAPTER 4. THE STORAGE CLASS6. Placed in Memory: When O arrives at the client stub it is cached in thebu�er pool for future operations.7. Write: At a later point in the transaction, the client OODB writes a newvalue to O. The client's bu�er now re
ects this change. At this time, a recordis made of the modi�cation that is eventually included in the intentions list.8. Force: The transaction manager sends a force message to the storage class.The new value of O is placed in an intention record and sent to the server, asdescribed in the previous example.9. Con
ict Check: Before the transaction commits the TM in the server callscon
ict on O to determine whether the update was invalidated. If it was, thetransaction is aborted.10. Write: Some time after the transaction commits, the new value of O is placedin server memory. The new value can be either sent down from the client orreconstructed from the log. This operation need not occur immediately, andonce the new value is in server memory, it need not be forced to stable storage.O's new value is sent to stable storage when the bu�er manager decides that itis no longer needed in server memory.4.3 The Fixed-Sized-Segment Storage ClassThe storage class in the base con�guration of BOSS is the �xed-segment storage class(also known as Fixed). It provides objects clustered into segments. Neither theobjects nor the segments can change size after creation, thus the name Fixed. Thefunctionality and implementation of these segments are similar to those provided bythe original ObServer system [21].A segment is a collection of variable-length byte streams. A byte stream is whatis typically meant by an object in an object store, although in BOSS the meaning ofobject is more general. To be explicit, the segments are called �xed segments and thebyte streams are called �xed objects. The �xed segment and each �xed object havea unique identity. Identi�ers are structured so as to determine the class of an object.The implementation of the Fixed storage class encodes the identity of the segment inthe identity of each object it contains.
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kFigure 4.4: The �xed storage class module interface.Figure 4.4 contains an expanded module diagram shows the operations that Fixedprovides. This diagram �lls in the client API and the transactional and server op-erations. The client portion of the Fixed storage class is responsible for mappingthe client API to the transactional and server operations. In the diagram, Fixed'stransactional operations are illustrated within the LogOperation entry point and itsserver operations are named in the interface between the client and server portions.Any operation that observes or modi�es the stable state of the database mustbe included as a transactional operation. FetchS brings a segment from the serverinto the client's cache. Since this operation does not a�ect the stable state, it isnot included as a transactional operation. FetchS is implemented with one serveroperation of the same name.



34 CHAPTER 4. THE STORAGE CLASSIn general, there does not need to be a one-to-one mapping from interface op-erations to transactional or server operations. For example, FetchS does not passdirectly through the Fixed client abstraction. The client maintains a cache of seg-ments and if the desired segment is already cached, the request is not passed onto the server. Chapter 7 explores several protocols to ensure this segment is up todate. Also, an object that is read and written several times during the course of atransaction requires only one WriteO operation.The interface between the storage-class client and the storage-class server is actu-ally a peer-to-peer interface. The server is capable of directing the client's actions andproviding it with unsolicited information. There is one upcall from the Fixed server tothe client, ThrowS, that moves a segment from the server to the client asynchronouslyand may be used to implement segment prefetching.ReadO, WriteO, and CreateO are not included in the server interface. None ofthese operations requires any resources from the server during a transaction becausethey all operate on segments cached in memory or on local disk. If the segmentis resident, the client stub simply logs the operations. If the target segment is notcached, this call generates a FetchS and waits for it to complete before logging theoperations.CreateS does not actually have to contact the server. A client stub could beimplemented that generates the OID locally. The problem with this approach is theuniqueness of the OID. Semantically, creating two segments at the same time doesnot cause a con
ict; however, if the implementation assigns them both the same OIDa con
ict occurs at the physical level.At the server the transactional operations are passed back via the Apply entrypoint. The application process (see Section 5.6) calls Apply with each committedoperation. For the Fixed storage class only CreateS, CreateO, and WriteO modifythe stable state and require application.The semantics of the �ve operations the Fixed client interface provides are as



4.3. THE FIXED-SIZED-SEGMENT STORAGE CLASS 35follows:FixedStatus CreateS(ObjID& oid, unsigned size); This call creates a new seg-ment and returns its unique OID.Because CreateS creates a new segment, it does not con
ict with operationson any existing objects. The only possible con
ict occurs when two segmentsare assigned the same OID. In this case, one transaction must be aborted. Toprevent this problem, the client stub makes a synchronous rpc to the server por-tion of the storage class, so it can assign a unique OID. The client then logs thisoperation and the resulting OID for persistence and transactional correctness.FixedStatus FetchS(ObjID& oid); This call moves a segment into the client ma-chine.FetchS makes no modi�cations and does not give the client access to any ob-jects. It merely indicates that the segment will be used in the near future andthat it should be resident and makes an asynchronous call to the server request-ing the segment. Because it has no impact on transactional correctness andmakes no changes to the persistent state, FetchS does not need to be logged.FixedStatus CreateO(ObjID& oid, unsigned size); This call creates a new ob-ject within a segment and returns its unique OID.Like CreateS, CreateO does not con
ict with operations on existing objects.The only possible con
ict occurs if two objects are assigned the same OID. Theclient speci�es the segment in which the object should reside and this locationis encoded in the OID to di�erentiate objects created in di�erent segments.This encoding makes concurrent creation of con
icting OID s unlikely. Theoperation generates the OID locally at the client without contacting the server.The operation and the resulting OID are logged for persistence and transactionalcorrectness.



36 CHAPTER 4. THE STORAGE CLASSFixedStatus ReadO(ObjID& oid, FixedObject *&obj); This call noti�es the sys-tem that the object is to be read and returns a handle to the object.The handle returned by this call is implemented as a virtual memory pointerthat requires that the object be resident. If the object is not resident, its segmentis synchronously fetched from the server. Once this operation is complete, thesegment is pinned in virtual memory (see Chapter 6) so the handle will be validuntil the end of the current transaction. ReadO can cause a transaction to abortif it returns old data, so before the call returns, the operation is logged fortransactional correctness.FixedStatus WriteO(ObjID& oid); This call noti�es the system that the objecthas been modi�ed.Clients have virtual-memory pointers to objects they have read that let themmodify the cached copies directly. However, these modi�cations do not becomepermanent unless the WriteO operation is called. This operation takes themodi�cations from the object and logs them for persistence and transactionalcorrectness.4.4 Designing a Storage ClassThe intended client of BOSS is an OODB or some advanced application with specialstorage requirements. The basic functionality that BOSS provides is enough to im-plement any such application. However, new application domains such as geographicinformation systems or the human genome project, occasionally require new storagestructures, such as multidimensional search trees or structures for approximate stringmatching. Traditionally, such applications have to make a choice between using anOODB or taking advantage of their own specialized storage structures. In most cases,the performance of a standard OODB is considered too poor and the application isbuilt from scratch.



4.4. DESIGNING A STORAGE CLASS 37BOSS allows the addition of new storage structures. This will not be a commonactivity, but the option is available to allow developers of new applications to integratetheir specialized storage structures into BOSS. This section describes the requirementsfor adding a new storage class and presents an example of adding a non-traditionaldatabase service as a storage class.The BOSS storage-class designer requires special skills and an understanding ofBOSS system internals. The �rst question the designer must answer is, \Should theabstract data type (ADT) under consideration be implemented as an abstraction inthe application running above the object store or in the object store itself, as a storageclass?" The designer can use the following checklist as a guide.A. Will signi�cant performance advantages be gained by implementing the ADTas a storage class?The primary reason for considering a storage class is to improve performancesigni�cantly. The BOSS storage-class facility was designed to let applications usean OODB without losing the performance advantages of their specialized storagestructures. BOSS gives the designer control of memory management so theperformance of a storage class can rival that of a fully custom implementationbuilt directly on the operating system. A further advantage of implementing anADT as a storage class rather than on the OS is consistent transaction semanticsacross not only the one new ADT but all other ADT s incorporated into theobject store.This criterion is di�cult to test without knowing the speci�c qualities that astorage class can exploit. The next several points expand on this theme.B. Can the ADT exploit the storage media?A storage class has direct access to both the server's disk for persistent storageand the client's disk for local disk caching. Signi�cant performance improve-ments are attainable by exploiting the disk geometry. Sequential storage of



38 CHAPTER 4. THE STORAGE CLASSB-tree pages is one example, and sequential storage of large segments contain-ing objects is another.Another facility that BOSS provides in this area is the mapping of object iden-ti�ers to objects. OID s are 32 bits long, but BOSS uses only the �rst 10 of thesebits; the remaining 22 are left to the storage class to implement whatever sortof OID-to-storage mapping best suits its needs. A storage class that providespages might use direct mapping, whereas a storage class that provides mobileobjects would require more sophisticated OID-to-object mapping.C. Is the access behavior predictable or exploitable?If data access can be predicted, it can be exploited. It knows both the semanticsof the operations it provides and the history of the objects it manages. Using thisinformation, a storage class can make predictions about future access behaviorand can exploit this knowledge by moving an object to the appropriate place inthe memory hierarchy. An object that will be accessed in the near future canbe moved closer to the client, and an object that will not be used for some timecan be moved further from the client to free limited resources.D. Does the ADT o�er new functionality that cannot be constructed using existingstorage classes?The base con�guration of BOSS includes the �xed-segments storage class, whichprovides generic objects that are no more than unique OID s associated with bytestreams. There is little that cannot be constructed with this class of objects, butoccasionally there is a need for di�erent functionality. Active objects requirethe setting of triggers and therefore require more functionality than any passivestorage class can deliver.E. Does the ADT o�er enough general utility to warrant the e�ort of constructinga new storage class?



4.4. DESIGNING A STORAGE CLASS 39A storage class should serve as wide an audience as possible. Often a speci�cfunctionality is needed in a particular application domain, such as gene-sequencematching in the human genome project. The BOSS approach is to include onlythe core functionality, string matching, in a storage class and build the rest ofthe functionality as an application.To demonstrate the use of this checklist we consider three di�erent abstractions| the B-Tree, the employee, and the noti�cation | and their implementations asstorage classes. Almost every database implements a B-tree for associative access, soa priori it is a likely candidate. Another common element in business databases is theemployee object, though implementing the employee as a storage class is a less obviousstrategy because this abstraction is usually included as an application-level object,not built into the database. However, since an objective of BOSS is to help captureand exploit the semantics of objects, we consider the employee as a storage class. Thenoti�cation is a very desirable tool in modern database implementations. Triggersand cooperative transactions, neither of which is implemented within BOSS, could beimplemented as a layer above the database using the noti�cation as a fundamentalbuilding block.Table 4.1: Evaluation of the criteria for three potential storage classes.B-Tree Employee Noti�cationA. p X pB. p X XC. p X XD. p X pE. p p pTable 4.1 shows the results of applying the criteria A-E to each ADT. As expected,the B-Tree turns out to be a highly attractive candidate for implementation as astorage class. Its pages can be laid out sequentially, its nodes are always accessedfrom the root downward, and its operations provide opportunities for more concurrent



40 CHAPTER 4. THE STORAGE CLASSinterleavings.The employee does not fare as well as a storage class. Since it can be handlede�ectively in an existing record-oriented database. The only operation that couldbe optimized is iterating through all employees, and a B-tree could be used for thisoperation.The noti�cation is an interesting case. It does not have specialized storage struc-tures or predictable access behavior. It is, however, an active object and cannot beconstructed using any passive storage class, and in addition a broad class of applica-tions can take advantage of a noti�cation. For these last two reasons, the noti�cationwould make an excellent storage class, and it used as an example in the next section.4.5 The Noti�cation Storage ClassThis section describes the design of a BOSS storage-class implementation of noti�ca-tions. The noti�cation is signi�cantly di�erent from a conventional database object,and its inclusion in BOSS indicates the power of the storage-class abstraction. Thenotion of a noti�cation was not considered in the BOSS design, and its later additionsubstantiates the claim that BOSS is capable of supporting the database requirementsof new application domains.The section begins by documenting the semantics of the noti�cation object, thendescribes the correct concurrent semantics, and �nally presents the detailed design ofboth the operations on the noti�cation objects and the con
ict operator for correctconcurrent operation.The BOSS noti�cation has the following operators:Create This operator creates a new noti�cation object.Wait This operator suspends the calling transaction.Signal This operator signals the noti�cation and wakes up all suspended transac-



4.5. THE NOTIFICATION STORAGE CLASS 41tions.The noti�cations semantics must prevent a transaction from waking up before itis signaled. For example, transaction S signals the variable and then does some workbefore it commits. Transaction W wakes up and commits immediately. W is likelyto be serialized before S, a clear violation of the intuitive notion of a noti�cation'ssemantics.Another problem is that a transaction can be awakened by an transaction thataborts, so that the transaction appears to have been awakened by nothing at all. Forexample, transaction S signals the variable, then transaction W wakes up, and thentransaction S aborts. A transaction that aborts must appear never to have run, soW appears to have been awakened by nothing at all.Both the previous problems arise from a transaction is signaled and commitsbefore the transaction that signaled it. We correct these problems by enforcing anordering on the noti�cation's operation: a transaction that signals a noti�cation mustcommit before a transaction that is awakened by the signal. This constraint createsa well de�ned notion of time for the noti�cation.The constraint is implemented using timestamps. Wait keeps track of the time-stamp of the noti�cation object when it was called. Signal increments the timestampwhen it commits. Wait cannot commit successfully if the timestamp is the sameas when the noti�cation object was �rst observed. The �rst column in Table 4.2shows the timestamp of the noti�cation object and all operations are tagged with thetimestamp of the version that was observed.Table 4.2 shows three possible interleavings of two transactions. The �rst twointerleavings have a semantic error that causes an abort. The last interleaving doesnot have an error, so both transactions commit successfully. In the table \@57" isa timestamp. In the �rst column, the timestamp indicates the current time. In theother two columns a timestamp from the version of the object that was observed iscoupled with each operation.



42 CHAPTER 4. THE STORAGE CLASSTable 4.2: Correct interleavings of transactions on noti�cationsNoti�cation Transaction S Transaction W@57 begin ok begin okwait@57 (delay) signal@57 ok(resume) okcommit fail@73 commit okbegin ok begin okwait@73 (delay) signal@73 ok(resume) ok commit failcommit failbegin ok begin okwait@73 (delay) signal@73 ok(resume) ok@98 commit okcommit okThe �rst interleaving has the problem that transaction W tries to commit beforetransaction S. This sequence is forbidden because the timestamp on the base objectis equal to that of the version observed.The second interleaving has the problem that transaction W seems to wake up forno reason, though it is actually awakened by transaction S's notify and abort. Again,transaction W cannot commit because the timestamp on the base object is equal tothat of the version observed.In the �nal interleaving, transaction S noti�es and commits before transaction Wthereby incrementing the timestamp and allowing transaction W to commit.Determining the concurrent semantics of the candidate storage class is the �rststep in integrating a new storage class into BOSS. The next step is determining howthe semantics can be implemented using the facilities that BOSS provides.There are several important distinctions between the noti�cation storage class(Note) and the Fixed storage class. One is that a client never requires access to therepresentation of a Note object. Another is in the size of a Note object: a Note object



4.5. THE NOTIFICATION STORAGE CLASS 43consists of only the OID and timestamp that all BOSS objects contain. Bu�ering thesesmall objects is not much of an issue, so the Note storage class has no explicit fetchoperation. The operations on Note objects are:NoteStatus Create(ObjID& oid); Create a new noti�cation object and return itsOID.Like the create operators for Fixed, Create does not con
ict with any existingobject. The only possible con
ict is the return of an OID that was alreadyallocated. To avoid this possibility, Create makes a synchronous call to theserver.NoteStatus Signal(ObjID& oid); Wake up all transactions waiting on this noti�-cation.As the transaction examples illustrate, waking up another transaction beforethe noti�er commits is likely to cause aborts, so the implementation of Signalactually does nothing except log the operation. After the transaction commits,the cache coherency policy informs other clients that the object is out of date.NoteStatus Wait(ObjID& oid); Block until the noti�cation is signaled.Wait simply logs the operation and blocks until the cache coherency policynoti�es the client that the object is out-of-date. At that time, the Wait callreturns and the transaction can continue processing.The con
ict operator has signi�cantly di�erent semantics, as presented in Table4.3. The creator succeeds so long as the OID has not already been allocated andSignal succeeds so long as it observed the most recent state of the object.This raises the issue of Signal failure. The previous examples do not show thefailure of an invocation of Signal, because the only semantic constraint on the noti-�cation is that a transaction cannot be awakened before another transaction noti�es



44 CHAPTER 4. THE STORAGE CLASSOperation Timestamp = Current Timestamp 6= CurrentCreate no con
ict no con
ictSignal con
ict no con
ictWait no con
ict con
ictTable 4.3: Con
ict table for operations on noti�cation objectit. There is no semantic constraint on when Notify can be called. There is, however,a physical con
ict, which in the absence of a semantic con
ict is called a false con
ict.Simple read/write objects such as pages or the variable length objects in Fixednaturally link update operations in a linear order because the write operation bothobserves and modi�es the state of the object. A modi�er that does not observethe state of the underlying object is called a blind operator [46]. Signal is suchan operator. Blind operators never cause semantic con
icts, but can cause physicalcon
icts.BOSS recovery has a physical requirement that modi�ers be linearly linked. InWeihl's terminology [46], modi�ers cannot commute. For Note, this means thatSignal can cause an abort. This constraint is not as bad as it might seem at �rst.First, any physical con
ict that occurs in BOSS would occur in a system that of-fered only physical concurrency control; thus, BOSS is strictly better with respect tofalse con
icts than a physical system. Second, observers can commute over modi-�ers and modi�cations tend to be less frequent than observations, which implies thatmodi�er/modi�er con
icts are far less frequent than modi�er/observer con
icts.The �nal operator, Wait, does cause semantic con
ict. The semantics of Waitare that it cannot commit before the transaction that noti�ed it, which means thata modi�cation must occur between the time the transaction waits and the time thetransaction commits. Thus, Wait causes a con
ict if the object is in the same state aswhen it was �rst observed, in direct contrast to almost every other possible operator.



45
Chapter 5Global Transaction ManagementThe purpose of global transaction management is to guarantee the necessary invari-ants the storage classes need to implement the concurrency-control criterion speci�cto their semantics. The maintenance of these invariants can impose signi�cant costsabove the basic costs of object motion and manipulation. BOSS introduces two newtechniques that exploit optimism and asynchrony to reduce these costs. The cost ofrecovery after a system failure is reduced by using a new algorithm, no-redo writeahead logging (NR-WAL), and the cost of maintaining transaction atomicity is reducedby using a new cache coherency protocol, invalidate on abort.No-redo write ahead logging is an improvement on an e�cient write-ahead loggingprotocol that uses intention lists to eliminate undo processing during recovery. Itexploits the fact that objects in the BOSS system need not be in a globally consistentstate for correct operation. Instead, normal processing can begin quickly after a failureand objects are brought into a consistent state asynchronously in the background.Invalidate on abort also exploits the fact that objects need not be in a globallyconsistent state. It is a relaxation of the common protocol of delivering invalidationmessages during or immediately after an update. Invalidate on abort is one of manycache coherency protocols that can operate within BOSS because cache coherencyis completely decoupled from transaction correctness. Cache coherency is an issue



46 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENTcritical to performance, and in BOSS the protocol yielding the best performance foreach storage class can be chosen independently of its correctness properties.Global transaction management maintains the following two invariants:� Committed updates persist� Only observations consistent with all committed updates commitThese invariants place no hard constraints on the states of copies of objects.This freedom allows copies of objects to drift from a globally consistent state andintroduces the opportunity for optimizations. The freedom comes at the price ofpotential aborts due to observations of out-of-date copies, as investigated in Chapter7. The present chapter describes these contributions and the technology BOSS usesfor global transaction management.5.1 Concurrency ControlIn the BOSS computation model, clients perform operations on objects directly intheir caches. These operations must be gathered into transactions and their e�ectsatomically exposed to other clients and recorded in persistent storage.Operations from di�erent storage classes are collected into intention records by theclient portion of the transaction manager. At commit time, the intention records areshipped to the server portion of the transaction manager. If there are no con
icts,the operations are atomically exposed to other clients by inserting them into theversion table. The version table maintains an ordered list of every object's operationsand a related structure, the transaction table, maintains an ordered list of everytransaction's operations. These two lists form the grid structure shown in Figure 5.1.The version table is a critical structure in an database using optimistic concurrencycontrol. It is the one point at which the consistent committed state of every objectcan be determined and is used to ensure that the most recent copy of an object is sentto the client on a fetch request. It is used again to determine if an update invalidated
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Figure 5.1: Operation records in the version table and transaction table.an object observed by a transaction. The algorithms for these two processes are givenin sections 5.8.1 and 5.8.2, respectively.5.2 Cache CoherencyAfter a transaction commits, its e�ects must be propagated to other clients to main-tain cache coherency. Although keeping the client caches as up to date as possible isgood for performance, there are cases in which slavishly maintaining this constraintcan actually slow the system. BOSS introduces a new protocol \invalidate on abort"that relaxes cache coherency to improve network utilization.In many systems, cache coherency is required for correctness, and the synchronouscommunication required becomes a bottleneck [14]. BOSS informs client caches ofupdates asynchronously. This approach allows BOSS to construct larger messagescontaining more updates and to make more e�cient use of the network than even thebest of the synchronous call back locking protocols.The 
exibility of cache-coherency protocols has allowed us to experiment withnew policies. Invalidate on abort, which takes a lazy approach to cache coherency,sends no invalidation messages when a transaction commits, but rather waits until a



48 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENTtransaction aborts and then sends all of the invalidation messages to all the clients.The rationale behind invalidate on abort is to let the client caches diverge until thedivergence becomes a problem and then bring all the caches into a consistent stateall at once. The performance characteristics of invalidate on abort are explored inChapter 7.5.3 PersistenceAs part of the commit process, the e�ects of the operations are made persistent.BOSS relies on the service of a persistence layer to achieve stability for data andtransactions. This layer consists of two fundamental components: a write-ahead logand one or more disk partitions that contain the base versions of the data (see Chapter6). Modi�cations made by transactions are made durable by entering an intentionsrecord in the log. The coordination of the log and the heap of base versions providesfull persistence. BOSS does not require the existence of a current copy of an object.The stable state of an object is composed of a base version and a sequence ofoperations called a history. Operations may be as simple as read and write for pages,or they may be more sophisticated semantic operations such as insert, delete, andlookup for B-trees. Operations are either reads or updates. A read operation doesnot change the state of the object.Figure 5.2 shows the history of a series of update operations on an object. Theupdate operations are stored in a list, with the most recent operation at its head. Thebase version contains a pointer to the last operation applied. In normal operation,the base version can fall behind the current state, and the object is brought up todate by applying the appropriate operations from the history. In Figure 5.2, the baseversion is two operations out of date and applying Op4, then Op5 brings the objectup to date.Applying the appropriate operation to a copy of an object brings that copy up
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Base VersionOp 1Op 5 Op 4 Op 3 Op 2

Stable StorageHistory of OperationsFigure 5.2: Components of the current state of an object.to date, but it modi�es not the base version, but only the copy in volatile memory.The base version is modi�ed asynchronously sometime before the bu�er manager atthe server needs more space. The bu�er manager tracks which objects have beenmodi�ed and sends them to stable storage before it discards a volatile copy.5.4 RecoveryBOSS introduces a recovery algorithm called no-redo write-ahead logging (NR-WAL)as a means of reducing recovery overhead. Intentions lists are used to eliminate theundo phase of recovery [3]. There is no redo phase; NR-WAL does not require thecurrent state of an object to be stored stably, so the stable state need not be recoveredimmediately after a crash: the most recent state before the crash can be reconstructedlater, on demand, from the last stored version and the intentions list.Both the history of operations and the base version of an object are stored stablyand are not a�ected by a system failure. Recovery is instantaneous if a small amountof fast non-volatile memory is available to maintain the version and transaction tables.Otherwise, periodic checkpoints of these data structures reduce recovery time.Figure 5.3 shows the portion of the log that is scanned during recovery by NR-WAL and WAL. \Crash" indicates the position in the log that was being writtenwhen the failure occurred. The recovery pass begins at the last complete checkpointand replays only updates to two critical data structures: the version table and thetransaction table. The stable tail of the log is kept ahead of the actual tail of the logat a well known location. Normal operation begins upon completion of the scan. Avolatile copy of an object that was lost is recreated on demand from the object's base
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Figure 5.3: Asynchronous versus synchronous recovery.version and history.The asynchronous protocol used in BOSS requires neither a redo phase or an undophase to synchronize the database with any wall clock or internal system time. Aftera fast analysis scan, the system is ready to begin processing. Any updates lost fromthe bu�ers are redone later in the background or as needed.The NR-WAL algorithm is fundamentally the same as write-ahead logging usingintentions lists with one added feature. BOSS has the ability to extract update opera-tions from the log during normal processing. If an object is out of date with respect tocommitted state, the pending operations are located using the version table and theobject's timestamp. The operations are then applied to the object, bringing the ob-ject up to date. This ability allows BOSS to postpone the redo phase of recovery untilnormal processing begins, where it is handled asynchronously, in the background.The correctness of this extension relies on ensuring that all updates are applied toan object before it is used in a transaction that commits. This property is ensured bythe validation phase of BOSS's optimistic concurrency-control protocol. If the objecthas pending operations, the object's timestamp is behind the timestamp maintainedby the version table. In this case, during validation the con
ict operation detects thediscrepancy and returns true, which causes the transaction to abort.The previous paragraph argues the correctness of NR-WAL; however, correctnessdoes not guarantee that any progress is made after a failure. An object with pending



5.5. DATA STRUCTURES 51operations that are never applied would cause every transaction in which it partic-ipated to abort. There are two separate means by which pending operations areapplied to ensure progress after a failure. First, each time an object is moved fromthe server to the client, the object's timestamp is checked against the version tableand the object is brought up to date if necessary (See Section 5.8.1). Second, abackground process at the server scans the log for pending updates and applies themto objects (see Section 5.6). As a result, pending operations are applied to objects,allowing transactions to commit and guaranteeing that progress is made.5.5 Data StructuresConcurrency control, persistence, and recovery are implemented at the BOSS serverusing a write-ahead log. The transaction table and version table are two views ontothis log. In addition to providing di�erent abstract views, both of these structuresaccelerate access to particular parts of the log. This capability allows the BOSS logto be used for both recovery and online processing.5.5.1 The LogBOSS's novel implementation of the log allows quick recovery quickly after failure.BOSS implements a circular log on top of a memory-mapped partition (see Figure5.4). Mapping the log allows fast access to log records through virtual memory.
Virtual Memory

Log
Disk

Swap
Disk

0x00000xFFFFFigure 5.4: Mapping the log into virtual memory.A log sequence number (LSN) is a reference to a record in the log. The implemen-



52 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENTtation of LSNs takes advantage of direct mapping to make possible fast location oflog records. An LSN is a tuple in which the low order bits encode a memory addressin the log. Interpreted as an integer, this number strictly increases as the log is writ-ten until the log wraps around. Our concurrency-control algorithm [20] requires atimestamp that increases strictly over all time, not in a piecemeal fashion. To correctthis problem, the memory address is augmented with a count of the number of timesthe log has wrapped around. This count results in an LSN that consists of a 32-bitvirtual memory pointer and a 32-bit integer as a wrap count, for 64 bits total.5.5.2 The Version TableThe version table which implements an object's history (see Figure 5.2) is a mainmemory index that maps from OID to the LSN of the object's last update operation.Each update operation maintains the LSN of the previous update operation. Theselinks form the list of operations that is an object's history. The version table alsomaintains several status bits to maintain the state of the object for two-phase commit(see Section 5.8.2).5.5.3 The Transaction TableThe purpose of the transaction table is to maintain the grouping operations intotransactions for commit and recovery processing. This task is complicated by thefact that BOSS supports multiple storage classes and each storage class can de�ne itsown operations. BOSS de�nes a general operation record that storage classes extendby subtyping to suit their own needs.Operation records are the basic building blocks of the transaction table, but anintermediate structure is needed: an intention record groups all the operation recordsfor an individual transaction. The transaction table provides fast access to the inten-tion records through a main memory index.The transaction table is implemented in much the same manner as the version



5.5. DATA STRUCTURES 53table. It is a main memory index that maps from the transaction identi�er (TID) tothe LSN of the transaction's last log record. It also maintains status 
ags for eachtransaction that indicate whether it is running, prepared, committed, or aborted.Figure 5.5 illustrates a small transaction table and two intention records and alsocontains de�nitions of their structure.
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struct TTRec fTransaction TID;State enum;Intentions *IntentionRec;g struct IntentionRec fTransaction TID;PrevIR *IntentionRec;Operations OperationRec[];gFigure 5.5: Chaining intention records.The �rst column of the transaction table is the TID. The table is keyed on this�eld. The second column indicates the status of the transaction. This �eld is modi�edby commit processing as described in Section 5.8.2. The third column is a referenceto a log record implemented as an LSN.The intention records in the diagram are chained. Chaining allows clients tostream the records down to the server in advance of a commit, thereby reducingcommunications overhead during the commit. The contents of the intention recordsare operation records.



54 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENT5.5.4 Operation RecordsThe purpose of an operation record (see Figure 5.6) is to store a transition persistentlyfrom one state of an object to the next. It also is used during the commit processto determine if there are any con
icts with other operations. An operation recordalso maintains a link to the last previously committed operation record. These linksimplement an object's history.All operation records store the OID of the object and the LSN of the copy thatwas read. The LSN acts both as a timestamp for concurrency-control validation anda link back to the previously committed operation. In addition to these two �elds, anoperation record has a status 
ag that indicates the general nature of the operation:creator, observer, or modi�er.
Write Ahead Log

M
O
D

X
Y
Z

1
2
3

M
O
D

X
Y
Z

5
4
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5.6. APPLICATION PROCESS2 55record is an intention record with two operation records, the middle record is theprepare and the rightmost is the commit record.
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56 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENT� Operation records that have already been applied to an up-to-date object con-sume log space that can be reclaimed.The application process corrects these problems by applying operations in thelog to stable storage. It chooses which operations to apply based on an applicationpointer: an LSN that satis�es the invariant that any operation with a lower LSN isre
ected in stable storage. The application process scans forward from the applicationpointer looking for the oldest operation on an object with an entry in the version table.If the version table contains an entry, the operation may not have been applied tostable storage. The application process then checks the LSN of the object and bringsit up to date if necessary. When the object has been returned to stable storage, theapplication pointer moves forward.Applying the operation reduces the amount of work that needs to be done ona read and frees that slot in the version table, thus correcting two of the problemsmentioned earlier. In addition, the application pointer is an upper bound on the headof the log, so moving the application pointer forward e�ectively frees space in the log.5.7 ExamplesThis sections contains two related examples of update processing in BOSS. The �rstfollows the course of a modi�cation from the client to the server: the second followsthe update into the database partition and other clients caches.5.7.1 UpdateFigure 5.8 shows a sample system with a single class and two clients. It follows theevolution of an object X through the stages of a transaction.Stage 1: The state of X is consistent throughout the system: all copies of X are ofversion 123.
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58 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENT5.7.2 Background Processing ExampleFigure 5.9 continues the example of an object in the server. Section 5.7.1 left o� whenthe client that modi�ed X had been informed of X's new LSN, 254. This examplefollows the new copy of X to the other clients, into the stable store and out of thelog.
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X:2547 8Figure 5.9: Background processes brining system to a coherent state.Stage 5: The server broadcasts recent modi�cations of the version table to clients.When the second client notices a change to X, it has a choice of bringing X upto date or discarding it. In this case, the client choose to discard the out-of-datecopy and request a new copy from the server.



5.8. ALGORITHMS 59Stage 6: The second client calls fetch on the server. The server updates its copy of X.The bu�er manager notes that the copy has been updated and moves that copyinto the cache of the second client. Now both clients have up-to-date copies andthe server cache has an up-to-date copy, but the database partition still has anout-of-date copy. This is not a problem in BOSS.Stage 7: The stable copy is brought up to date when the bu�er manager at the serverdecides that the space could be put to better use. The bu�er manager knowsthat this copy is more recent than the copy in stable storage, so rather thandiscarding it, it writes that copy back to the store.Stage 8: Now that the stable copy is up-to-date, the version table need not keep anentry for X, and the operation record in the log can be discarded.5.8 AlgorithmsBOSS has a unique protocol for update processing. The section contains examples;Section 5.8.1 contains the core of the algorithm for lazy updates and Section 5.8.2presents the integration between the standard two-phase commit algorithm and BOSSdata structures.5.8.1 Lazy UpdatesAn operation is not applied at the server immediately after it is committed, sinceBOSS allows an object to remain out of date. However, to avoid aborts, it is importantthat clients fetch up-to-date copies of objects. BOSS brings the copy of the object inthe server cache up to date as part of the fetch operation. The pseudocode is:Fetch(OID)Locate(OID)



60 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENTEach class implements the best object location system for the type ofobjects it supports. This step locates the object in the server bu�er pool.If the object is not in the bu�er pool when the step begins, it must be readfrom disk.Apply(Version Table(OID).LSN, Copy)Apply is called on every object before it is sent to the client. The Applyoperation checks that the copy of the object has the same LSN as thatpassed in. If the copy has an older LSN, apply brings the copy up to date.MoveUp(OID)The up-to-date copy is moved up to the client's bu�er space.End FetchApply(Operation, Copy)if Lsn 6= Copy.LsnIf the copy has the same LSN as the argument, then the correspondingoperation in the log has already been applied to the object.then Apply(Operation.Lsn, Copy)Otherwise, at least one operation needs to be applied to the object. Ap-ply recurses to determine if other operations need to be applied. Eachmodi�cation in the log contains the LSN of the previous operation. Thearguments to the recursive call are the copy and the LSN of the previousoperation.The Apply operation replays history against the copy. The operations inthe log are sent to the copy in the serial order determined by the transactionmanager. When Apply returns, the copy is ready for the modi�cationcorresponding to Lsn. After the modi�cation is sent to the copy, Copy.Lsnwill equal Lsn.



5.8. ALGORITHMS 61endifEnd Apply5.8.2 Prepare and CommitThis section describes what happens in the prepare and commit phases at the server.The general 
ow of information during a transaction is presented in Section 4.2, andwe use the two-phase commit protocol de�ned in Grey [17].BOSS executes the following pseudocode during the prepare phase. This imple-mentation is not reentrant, so only one transaction can prepare at a time.Prepareif Con
ictIn the prepare phase, the server transaction manager uses the Con
ictoperation de�ned by the storage class (see Section 5.3) to determine ifany operation from the transaction's intentions records is invalidated by atransaction that prepared earlier.then Abort TransactionThe transaction aborts and its intention records are ignored. (See Abort.)else Update tables and force a prepare recordThe transaction manager forces a prepare record to the log, updates thetransaction table, and updates the version table. All three of these actionsoccur as an atomic operation with respect to other prepares. The currentimplementation allows many transactions to commit concurrently withina server. However, only one transaction prepares at a time, so atomicity isachieved by default. The transaction table needs to re
ect the current stateof the transaction and hold the LSN of the prepare record. The versiontable needs to contain the LSN of the most recent prepared operations for



62 CHAPTER 5. GLOBAL TRANSACTION MANAGEMENTeach object. If the transaction is distributed over multiple servers, theversion table also notes that the modi�cation has only prepared and notyet committed. The prepare record contains the LSN of the transaction'slast intention record, the transaction identi�er, and a timestamp used bythe two-phase commit process (see Figure 5.7).endifEnd PrepareIf the prepare phase completes successfully, the coordinator initiates the commitphase. Each participant executes the following pseudocode.CommitCommitting a transaction requires modi�cation of the tables. At commit, thetransaction manager modi�es the version table to show that the operations arenow committed. The transaction table notes that the transaction has committedand stores the LSN of the commit record. The commit record contains only thetransaction identi�er and the LSN of the prepare record.After the transaction commits, the client is noti�ed. The noti�cation containsthe LSNs of the modi�ed objects. At the time of the commit, the client mayhave dirty copies of some objects. When the LSN of the latest modi�cation isstored in one of these dirty objects, the object becomes a clean copy of a newversion of the same object.End CommitIf the prepare phase does not complete successfully, the participants are noti�edthat the transaction must be aborted.AbortIf a transaction aborts in the second phase of two-phase commit, the versiontable reverts to its previous state and the transaction table must be updated.



5.8. ALGORITHMS 63An abort record is forced to the log.The client is noti�ed of the abort and must 
ush all objects that the transactionmodi�ed. In addition, the client is noti�ed of copies that are no longer up-to-date because of updates by other transactions. The client then removes thosecopies, thereby avoiding future aborts.End AbortAt the instant a transaction prepares, the state of the database must be consistentwith the one which the transaction observed, because transactions are serialized inthe order in which their prepare records enter the log. This is not to imply that theentire database needs to be in a consistent state | only the small portion that thetransaction observed. Further, the database is not in a consistent state immediatelyafter the transaction prepares and commits.When the server receives an intention record, the server assigns it an LSN andplaces it in bu�ers that are eventually forced to the log. Intentions are asynchronousand do not force the log. The bu�ers that hold the intention records are not pinned,so they can be written to disk if more bu�er space is needed.The client transaction manager maintains the invariant that all intention recordsare sent to the server before the client sends a commit record. Our transport protocolguarantees in-order delivery. Therefore, by the time the server transaction managerbegins to prepare a transaction, the transaction's intentions are at the server.
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Chapter 6Memory Object ManagementExtensibility in BOSS is more than just the ability to add a new storage class. BOSSsupports the storage class developer with modules for naming, object motion, per-sistence, and other needs common to most storage classes. This chapter exploresmemory-management support for new storage classes.Memory management in the context of an object store is a critical issue. At ahigher level, the object store itself can be considered a memory manager. The pivotalquestion in the design of a memory-management service for an extensible object storeis: how much functionality can be provided without restricting the implementation ofstorage classes? Memory object management (MOM) makes the addition of a storageclass easier, since MOM hides much of the complexity of dealing with the operatingsystem and mediates among con
icting demands of storage classes.MOM is a tool for building a caching policy. It contains a default policy, butstorage classes may exploit their semantics by building their own policies. Objectsmay be fetched or discarded, before or after the default policy would relocate them.For example, a storage class could implement intelligent prefetching by learning accessbehavior. If a familiar pattern is recognized, MOM would be instructed to moveobjects into the cache before they were explicitly requested by the client, so as toyield better response time.



66 CHAPTER 6. MEMORY OBJECT MANAGEMENTThis chapter begins with a description of the MOM architecture and then in Sec-tion 6.2 presents the memory object abstraction. Section 6.3 describes how MOMhandles multiple memory management policies, and the interfaces to MOM and mem-ory objects are presented in Section 6.4. Finally, Section 6.5 demonstrates how MOMcan be used implement an e�cient memory management policy for a B-tree.6.1 MOM ArchitectureWe considered many architectures for this service and experimented with several.The one we settled on places one MOM on each BOSS host: client or server. Thisarchitecture provides the storage-class developer with a consistent interface, reusesthe MOM source code, and gives BOSS intelligent client-disk caching.Figure 6.1 shows a macro view of a storage class distributed across the systemlayers. The storage-class client communicates with the server via a special RPCprotocol suited to multithreaded, asynchronous operation. Through this connection,the client receives objects and control messages from the server and immediatelyplaces the objects it receives under MOM control.

S
to

ra
ge

 C
la

ss
C

lie
nt

M
em

or
y

O
bj

ec
t

M
an

ag
em

en
t

B
O

S
S

R
P

C S
to

ra
ge

 C
la

ss
S

er
ve

r

M
em

or
y

O
bj

ec
t

M
an

ag
em

en
t

C
lie

nt
S

tu
b

N
et

w
or

k
S

tr
ea

m

S
ta

bl
e

M
em

or
y

S
er

ve
rFigure 6.1: A layered view of a storage class.The MOM at the server is a di�erent instance of exactly the same abstraction atthe client linked into a di�erent executable image. MOM use di�ers minimally at the



6.2. THE MEMORY OBJECT 67server. The level of multithreading at the server is very high; one thread per pendingrequest runs through MOM to fetch objects for clients and to update objects aftertransactions, whereas at the client, usually only one or two threads run through MOM.Another di�erence is that at the client, MOM performs replacement on nonvolatileobjects while nonvolatile objects at the server are never replaced.6.2 The Memory ObjectThe basic unit of allocation and transfer in MOM is the memory object (MO), whichis a contiguous, variable-sized, persistent chunk of memory. Several factors in
u-enced the choice of whether to make MOs page-sized or page-aligned versus trulyvariable-sized. Many of the objects that storage classes implement are not page-aligned. Thus, storage classes would have to implement variable-sized objects on topof large �xed-sized objects, which is tantamount to implementing a simple memorymanager. Another factor is that variable-sized objects not require the additionalruntime overhead over �xed-sized pages.The MO is implemented as a portion of an extent, which is a contiguous piece ofsecondary storage implemented as either a container �le or raw partition. A MO'slocation and status information are kept separate from the MO body itself. Whenthe storage class requires access to the MO, it pins the MO to virtual memory asillustrated in Figure 6.2. Pinning a MO returns a handle to the body of the MO thatis guaranteed to be valid until the MO is unpinned. The MO need not be read intoVM at this time; rather the VM system loads the object on demand.6.3 Memory-Management PoliciesThe main reason for building a storage class on MOM rather than the underlyingOS is that the storage class often can manage memory more e�ciently than the OS
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Figure 6.2: MOM object mapping.could. The storage class can track the access history to predict future behavior, andcan also exploit invariants in access behavior, such as the invariant that a tree rootis always accessed before a tree leaf. Section 6.5 describes a policy that exploits thisinvariant.MOM provides a general-purpose memory-management policy that storage classescan specialize to suit their needs. The least-recently-used (LRU) replacement policy,with fetching on demand, is the most common general-purpose memory-management-policy [25]. MOM uses a variant of LRU as its general-purpose policy and providesthe storage class with high-level control to change the behavior of the default policy.If contention occurs, a default global replacement policy based on a two-handedclock algorithm [25] arbitrates, as illustrated in Figure 6.3. A cleaning hand movesthrough the cached objects marking the objects unread; this hand is kept some �xeddistance ahead of the allocation hand. Given a request for a new space, the allocationhand moves through the cached objects, discarding those that have not been read sincethe cleaning hand passed them. It stops as soon as enough space has been reclaimedto satisfy the request.
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6.3. MEMORY-MANAGEMENT POLICIES 69There are two important di�erences between BOSS's memory management policyand BSD UNIX virtual memory. First, classes must be able to take advantage of thesemantics of their objects to increase performance. Second, BOSS is a distributedclient-server system. At the client, the non-volatile store is also just a cache andmust be managed as such.A caching policy consists of two subpolicies that need not be independent. Thefetch policy determines which objects to bring into the cache. UNIX uses a demand-fetch protocol in which pages are not moved into memory until they are needed. InBOSS, storage classes have complete control over which objects are cached in the �rstplace. The replacement policy determines which objects to discard when more spaceis required. UNIX uses the clock-based algorithm. The MOM replacement policy isdriven by the clock and defaults to the clock if no free space is available, but severalhooks give storage classes signi�cant in
uence over which objects are kept and whichdiscarded.Local disks are used for caching on client machines, and this too must be man-aged. Managing a disk cache is somewhat di�erent from managing a virtual-memorycache. One major di�erence is that it is expensive to look at the object when makingdecisions. There is a location operation to determine whether or not an object isresident before accessing it.MOM memory objects are actually memory-mapped portions of a container �leor raw partition [41]. Memory mapping has numerous advantages. Using memorymapping completely avoids the problem of double bu�ering (writing an object to asecond stable storage location for temporary storage). The operating system keepstrack of modi�cations to memory objects. When an MO is pinned it is assigneda virtual-memory address. The MO need not be immediately read into memory;the operating system's virtual memory subsystem delays the read until the object isactually used.At the client, a memory object passes through four states with regard to the



70 CHAPTER 6. MEMORY OBJECT MANAGEMENTreplacement algorithm:vread This state indicates that the object is mapped into virtual memory and hasbeen read since the last pass of the cleaning hand. This is the state in whichmemory objects are created and into which memory objects are put after theyare read.vunread This state indicates that the object is mapped into virtual memory, buthas not been read since the last pass of the cleaning hand. The cleaning handmarks vread objects as vunread. If an object remains in this state (is not read)until the allocation hand comes around, it is unmapped and moved down todisk.sread This state indicates that the object is not mapped into virtual memory, buthas been mapped since the last pass of the cleaning hand. This is the state thatobjects enter after they have been discarded from virtual memory. The defaultreplacement protocol considers an object that was just discarded from virtualmemory to be the most desirable object in stable memory.sunread This state indicates that the object is not mapped into memory and has notbeen read since the last pass of the cleaning hand. The cleaning hand marks ansread object as sunread. If an object remains in this state until the allocationhand comes around, it is discarded from the client entirely.Figure 6.4 shows the transitions between these states. An MO is created in thevread state. When the cleaning hand comes around it marks the MO vunread. Anyvunread MO is a candidate for replacement. If the space it occupies is needed, theMO is swapped out to secondary storage. If a vunread MO is pinned, it returns tothe vread state and cannot be swapped out. A MO that has just been swapped outis marked sread. Essentially the MO has just �nished being read by the layer above.The cleaning hand marks sread MOs as sunread. If the space an sunread MO occupies



6.4. APPLICATION INTERFACE 71is needed, it is discarded entirely from the client cache, so that if required in the futureit must be fetched from the server. Again, if the object is pinned it returns to thevread state.
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Figure 6.4: The states and transitions of a memory objectIn the preceding description the cleaning hand actually serves two purposes: mark-ing objects in virtual memory and marking objects in stable memory. Virtual memoryand stable memory di�er greatly in size and access behavior, which causes problemswith one clock managing all objects. For this reason, there are actually two two-handed clocks at the client: one clock for virtual memory and one clock for stablememory. These clocks are free to move at di�erent speeds through their objects andto maintain di�erent distances between their cleaning hand and allocation hand. Byadjusting these parameters, MOM can adapt to diverse access behaviors.6.4 Application InterfaceThe interface that MOM presents is the same at both the client and the server.Actually, MOM presents only one operation to the storage class, as discussed later.Most interactions are with memory objects themselves (see Figure 6.5).The MO interface is straightforward. It provides seven methods. In the syntaxbelow the MO is implicit in the method invocation.new (int size) (ObjID oid) New creates a new memory object of the requestedsize and pins it into virtual memory, and then returns a handle to that memory.All MOs are associated with an OID that is passed to the constructor.
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Figure 6.5: The storage class interface to the MOM module.delete *Mo Delete frees the nonvolatile memory and any virtual memory associatedwith the MO.int mark() Mark marks the object read for the purposes of the default replacementalgorithm. Mark returns 1 on success.void *pin() Pin allocates a portion of virtual memory to the MO and returns apointer to that memory if successful.int unpin() Unpin does not deallocate memory; it only givesMOM the option to doso. MOM attempts to keep MOs that will be used in the near future in virtualmemory. Unpin returns 1 on success.void *loc() If a MO has virtual memory allocated to it, loc returns its addresswithout pinning the object or allocating virtual memory. Storage classes usethis call to determine whether an MO is already cached.int toss() Toss indicates that the storage class will not be using the MO for sometime and that it thus should be discarded.There are no interface methods to mark a MO as dirty or to write its contents outto disk. MOM handles these tasks, notifying the storage class when it takes an actionvia two callbacks:



6.4. APPLICATION INTERFACE 73int VMToss(Mo *mo) MOM noti�es the storage class that it intends to discard anobject via this call. The storage class can refuse the request, but it should do soonly if the MO will be used in the immediate future, since consistently refusingto discard MOs quickly causes the entire system to livelock.int SMToss(Mo *mo) SMToss serves the same function as VMToss but in the domainof nonvolatile memory. This call is made only at the client, where nonvolatilememory is used as a cache. The server nonvolatile memory is used only forpersistent MOs, so if it �lls up, New simply fails.MOM provides a mapping from OID to the MO that contains the object. Thefunction is simple but has implications for the sorts of storage classes that can beconstructed: it does not restrict the interface of the storage class, but it does haveperformance implications.A performance-critical operation in an OODB is the mapping of logical OID s tophysical data locations, and this mapping can occur many ways [33, 9]. PreviousMOM designs did not include this mapping, on the rationale that a storage classshould implement whatever logical-to-physical mapping best suits its semantics. Forinstance, a storage class that implements pages might compute the physical locationfrom the logical identi�er and save a table lookup. However, this method is not ofmuch use when the storage class cannot choose the MO's physical location. A storageclass that requires this sort of mapping could be built without using MOM, but atthe cost of a greater implementation e�ort.The design decision for this iteration was that, because MOM determined thephysical location of MOs, it should also perform the logical-to-physical mapping. Thisdecision does not signi�cantly complicate the implementation of MOM and greatlysimpli�es the implementation of the existing storage classes. A future design mayallow specialization of the association operator to let a storage class choose its imple-mentation; however, static binding in C++ makes this sort of specialization di�cultto accomplish.



74 CHAPTER 6. MEMORY OBJECT MANAGEMENT6.5 Example B-Tree Memory ManagementStorage classes are expected to be good neighbors and not aggressively acquire asmany resources as possible, since doing so causes poor overall system performance.This assumption of benevolence is justi�ed by the fact that all storage classes run inthe same address space and if there were malevolence, there are much worse things,such as memory corruption, the malevolent class could accomplish.B-tree page replacement is an example of how a storage class can use MOM toachieve good overall resource utilization. MOM implements a global LRU policy,which LRU performs well for general-purpose computing but fails for special applica-tions. To correct this in BOSS, the B-tree augments the global policy to exploit thesemantics of its application. B-trees are always accessed from the root downward, sothere is no point to keeping a child of a node that is being discarded. The VMTossand SMToss calls are augmented to discard as well children of nodes being discarded.Whenever a node is discarded, the storage class recursively descends the tree, usingthe loc operation, and discards all resident child nodes.
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Chapter 7Cache Coherency ExperimentsThis chapter explores the interaction between client-disk caching and asynchronousinvalidation protocols. The experiment records the time to commit and the frequencyof aborts for several sizes of client disk cache and under several workloads. We expectthat increasing the cache size would lighten the load on the server and thus decreasetime to commit; however, expanding the cache increases the probability of observingan out-of-date object and causing an abort. We �nd that an appropriate invalidationprotocol allows clients to bene�t from large disk caches without a high rate of aborts.This result indicates that optimistic concurrency control is a viable substrate for anOODB.The chapter begins with a description of the workloads we expect BOSS to en-counter. Following this, Section 7.2 details the experiment's hardware environment,Section 7.3 de�nes the benchmark, and Section 7.4 contains the results of our initialexperiments. Section 7.5 introduces the new protocol that we invented as a result ofthese experiments, and �nally, Section 7.6 explores the in
uence of longer transactionson the di�erent invalidation policies.



76 CHAPTER 7. CACHE COHERENCY EXPERIMENTS7.1 Assumptions About Contention
One characteristic of optimistic protocols is increased aborts. This feature is of partic-ular concern in a design environment because engineers are not particularly tolerantof lost work. Concurrency-control semantics for engineers are studied in [34]. A se-rializable or atomic transaction is meant to be a single indivisible unit of work, suchas a bank deposit or a 
ight reservation, and thus the work done by the transactionmust be isolated from other concurrent transactions. A design activity, such as writ-ing a book or designing a new airframe, on the other hand, is composed of activitiesthat can last for hours, days, weeks, or even months. During this time, various userscooperate, building on each other's work, and full isolation is not desirable in thiscontext because designers need access to the intermediate results of their coworkers.The BOSS architecture assumes that a layer outside of the system maps the se-mantics of design transactions down to a series of short atomic transactions [34, 24].This layer coordinates the activities of the designers to provide the desired semantics,but it has several other e�ects as well. By coordinating activities, the layer acts as ascheduler on top of the database, which has the e�ect of reducing contention in theworkload as perceived by the database. For example, a high-level constraint requiringthat analysis complete before design begins forbids contention between the analysisand the designer. In a design transaction, events happen slowly, and even on a largesystem there are rarely more than 100 users working. By reducing the level of con-tention, the layer further reduces the number of aborts initiated by the transactionmanager. Another e�ect of the layer is to automate resubmission of transactions,thereby hiding aborts from end users. Thus, all the workloads in our tests have lowlevels of contention.



7.2. SYSTEM CONFIGURATION 777.2 System Con�gurationPrevious chapters described the BOSS architecture in general; this section describesthe implementation used in the experiments. The experiments use one server equippedwith a 60-MIPS CPU and 32M of RAM, of which 1M is used for a server databasecache. The server has three �le systems, one each for virtual memory, the databasepartition, and the log.Three client machines also have a 60-MIPS CPU and 32M RAM, but the clientmachines run two instances of BOSS, for a total of six BOSS clients. The reason forthis choice is that in an actual system, BOSS will not be the only process running ona client. Placing two BOSS clients on each machine ensures that a single BOSS clienttakes no more than half the resources.The cache size of the clients is a variable in the experiment. The clients have a2-, 4- or 6-Mbyte local disk cache. Up to 1 Mbyte of this cache may be mapped intovirtual memory at any one time. The BOSS client disk cache shares the local diskwith the virtual memory paging system, but is maintained in a separate partition.7.3 Client Disk Caching: Experiment #1This benchmark was designed to be a worst-case stress test on the database. Thedatabase and workloads are modeled after those used in simulations conducted byFranklin [14], through because Franklin's simulations make di�erent hardware as-sumptions the results are not directly comparable. The database consists of 40,000objects, each 128 bytes long, clustered into 1,250 segments of 32 objects each. Theresulting database is 6.5M including overhead.The workload is divided into hot and cold regions. Each client has its own hotregion, which contains 1,600, objects or 50 segments, and receives 80% of the accesses,four times those of the cold region. For every access to an object in the hot region,there is a 20 percent chance that the object will be updated.



78 CHAPTER 7. CACHE COHERENCY EXPERIMENTSThe characteristics of the cold regions, which are shared by all clients, are variedto produce three di�erent workloads. In the �rst workload, the cold region does notoverlap the hot regions and the cold region is never updated. This workload models acase in which each designer in a design group has a private workspace and draws froma static library. Because there is no possibility of an update con
icting with a read inthis workload, there is no contention. The no-contention case in Figure 7.1 shows thisworkload. The hot regions are separate and dark. The dark shading indicates thatthe region is both read from and written to. The cold region is light and because itdoes not overlap the hot region, gaps occur. The light shading indicates that the coldregion is only read and not written. No shading indicates that the region is neitherread nor written.
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Figure 7.1: Three benchmark workloads.In the second and third workloads in Figure 7.1, the cold region overlaps the hotregions. In the second workload, min contention, the cold region is read only. Thisworkload models the case in which the designers in a group occasionally read fromone another's workspaces as well as from the static library. This workload introducesa small amount of contention because because other clients' hot regions are read aspart of the cold region. The third workload, low contention, allows writes to the coldregion. The probability that an write will occur given that a read has occurred is 20percent. This workload models the case in which the designers occasionally updatethe library and possibly other designers' workspaces, a workload that introduces a



7.4. RESULTS OF EXPERIMENT #1 79higher level of con
ict.Each client submits 1000 transactions, for a total of 6000 transactions to be com-pleted. Each transaction performs 20 operations dictated by the workload. A newtransaction is submitted as soon as the previous one completes, and there is no thinktime during a transaction and no wait time between transactions. These conditionspush the server as hard as possible: it is designed to use idle time to catch up, butno idle time is available in this sort of worst-case workload. The times measured inthe tests are for the successful completion of a set number of transactions. Abortedtransactions are handled by immediately resubmiting the same transaction.7.4 Results of Experiment #1The �rst experiment explores the utility of client disk caching and the e�ect of invali-dation protocols on time to commit and the number of aborts. Each graph illustratesthree cache sizes under di�erent workloads and invalidation policies.7.4.1 No Invalidations and No ContentionFigure 7.2 shows the performance of the system running under the ideal condition ofno contention. The Y axis on the graph is the time to process and commit the numberof transactions on the X axis. Under this condition, the system is I/O-bound. Thegraph clearly shows the advantages of client-disk caching: time to commit is reducedby more than half from the 2M cache test to the 6M cache test.7.4.2 No Invalidations and Minimal ContentionIt is not surprising that performance improves as the cache size increases when thereis no contention. The primary cost of caching is maintaining consistency between thecaches, which is not an issue without contention. This next experiment introducessome contention. The result of the contention is an increased number of aborts.
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Figure 7.3: No invalidations with minimal contention.The number of aborts increases from zero in the no-contention case (not shown)to over 1400 for the 6M cache in the course of completing 6000 successful transac-tions. The reason for the very high number of aborts is that, without an invalidationmechanism, whenever a cached object becomes out of date it triggers an abort.The impact on performance is not severe because the cost of retrying a transactionis very low in our workload model. After an abort, the o�ending object is discardedand the aborted transaction is resubmitted (See Chapter 5). Except for discardedobjects, all the objects used by the transaction are cached locally, so only discardedobjects need to be fetched. Once this occurs, transactions may be committed. Section7.6 describes an experiment with a higher cost for restarting a transaction.



7.4. RESULTS OF EXPERIMENT #1 817.4.3 Invalidate on Commit and Minimal ContentionWhile the time to commit is tolerable in the previous test, the number of aborts ishigh. It is important to remember that these aborts are not user-level events: theywould be handled by the cooperative transaction manager in a layer above BOSS.The goal of this experiment is to decrease the number of aborts by sending in-validation messages to the clients for objects that have been modi�ed. Invalidate-on-commit sends to each client a message containing the OID and the new versionnumber, immediately after each transaction that modi�es an object.
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Figure 7.4: Invalidate on commit with minimal contention.This protocol is quite successful at reducing the number of aborts. Note thatthe scale on the rightmost graph is one tenth that of Figure 7.3. However, the costof this improvement is high: throughput is less than half that of the case withoutinvalidations. The reason for the decrease is the cost of invalidation messages. Col-lecting, sending, receiving and processing the invalidation messages in this manner isexpensive.7.4.4 Invalidate-on-Commit and Low ContentionThe low number of aborts for the previous test opens up the possibility of experiment-ing with increased contention. This experiment uses the same invalidation protocolbut now on the low-contention workload. The time to commit increases but not



82 CHAPTER 7. CACHE COHERENCY EXPERIMENTSsigni�cantly. However, the number of aborts on average more than doubles. An in-crease caused by updates to hot objects in other clients' caches, since the invalidationmessages do not always reach the other clients in time.
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Figure 7.5: Invalidate on commit with low contention.7.5 Invalidate-on-AbortTo reduce the cost of invalidations, we invented a new protocol whose purpose is toreduce the cost of invalidations without seriously a�ecting the number of aborts percommit. This protocol again applies the optimistic principle of apologizing ratherthan asking permission.The invalidate-on-abort protocol sends out an invalidation message only when anabort occurs, rather than each time a commit occurs. By exploiting the extendeddelay between invalidations larger messages may be constructed that make moree�cient use of the network and require less processor overhead. This is an exampleof introducing and exploiting asynchrony in an asynchronous system. Under the newprotocol, the client caches slowly diverge from absolute correctness until a problemoccurs, and then all the caches are brought back into a coherent state.



7.5. INVALIDATE-ON-ABORT 837.5.1 Invalidate on Abort and Minimal ContentionThe invalidate on abort protocol trades aborts for decreased time to commit. (Thecorresponding experiment for invalidate-on-commit is shown in Figure 7.4 and the no-invalidations experiment is shown in Figure 7.3.) The new protocol o�ers almost thesame time to commit as the no-invalidations experiment with a fraction of the aborts.The number of aborts is not relevant in the �nal analysis, but it helps better accountfor the underlying activities. In comparison to the invalidate-on-commit experiment,the time to commit is almost half; however, the aborts triple.
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Figure 7.6: Invalidate on abort with minimal contention.7.5.2 Invalidate on Abort and Low ContentionThe invalidate-on-abort protocol is an intermediate point between no invalidationsand invalidate-on-commit. This optimism decreases time to commit at the cost ofhigher abort rates. As contention increases, however, optimistic algorithms do notperform as well. For the low-contention workload, invalidate-on-abort again o�ers halfthe time to commit as invalidate-on-commit, but the cost has increased: invalidate-on-abort has �ve times the number of aborts of invalidate-on-commit. This is still afraction of the no-invalidations case (not shown for this workload), but is signi�cantlyworse than the minimal-contention workload (Figure 7.3).
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Figure 7.7: Invalidate on abort with low contention.7.5.3 Conclusion of Experiment #1The experiments measured the time to complete a �xed number of transactions andthe number of aborts that occur. There were two variables: the client disk-cache sizeand the invalidation protocol. The client-disk cache ranged from 0M to 6M in 2Mintervals. The invalidation protocols were no-invalidation, invalidate-on-commit, andthe new invalidate-on-abort.Our hypothesis that increasing client disk-cache size would decrease time to com-mit at the cost of increased aborts, holds true in the tests without invalidations.Adding invalidations signi�cantly reduces the number of aborts irrespective of whichinvalidation protocol is used. We attempted to reduce the cost of the original in-validation protocol, invalidate-on-commit, with a new protocol, invalidate-on-abort.This new protocol reduces the cost of invalidations by a factor of two by allowingmore aborts than invalidate-on-commit but an order of magnitude fewer than thenumber of aborts without invalidations.



7.6. HIGHER-COST TRANSACTIONS: EXPERIMENT #2 857.6 Higher-Cost Transactions: Experiment #2
The transaction workload for which BOSS is designed consists of short, low con-tention transactions that are actually small groups of component operations from ahigher-level cooperative transaction manager. However, we experimented with longertransactions to determine if the protocols could deal with delays.Introducing delays has a number of potential negative impacts. Each transactionholds objects for a longer period of time. During this time another transaction canattempt to update one of the objects, a situation that would result in an abort.Further, the transactions are longer and restarting an aborted transaction doublesthe time it takes to commit (assuming it is successful on the second try).Introducing delays has a mitigating e�ect as well. In our model we maintain thesame number of clients. With delays, each client submits transactions at a lower rate,Which decreases the peak loads on the server and decreases contention to a certainextent.The base case for this experiment is no delays, as was used in Experiment 1. Weintroduce random delays approximately equal to the total time a transaction requiresto commit: up to 1 second and between 1 and 2 seconds. The delays are introducedby sleeping after a transaction acquires its resources.



86 CHAPTER 7. CACHE COHERENCY EXPERIMENTS7.6.1 Minimal ContentionIn the invalidate-on-commit tests, the introduction of delays has no signi�cant e�ecton the rate of commits or aborts. There is a slight e�ect in the invalidate-on-aborttests: The 2-second delay test has a slightly higher time to commit than the 1-second and no-delay tests. In this test the average transaction requires 2.3 seconds tocomplete of which on average 1.5 seconds is sleep time. This number is almost reachedby the 1 second and no delay tests, which require on average 1.75 seconds to completea transaction. The number of aborts is impacted slightly in the invalidate-on-aborttests. Minimal-Contention Delay Experiments
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Figure 7.8: Invalidate-on-commit.
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Figure 7.9: Invalidate-on-abort.



7.6. HIGHER-COST TRANSACTIONS: EXPERIMENT #2 877.6.2 Low ContentionIntroducing delays increases the cost of aborts and potentially increases the numberof aborts, and increasing the level of contention aggravates this problem. However, aswith the minimal contention workload, the low-contention workload is not seriouslyimpacted by increased delays under the invalidate-on-commit protocol.Transactions require 3.25 seconds to complete on average under the invalidate-on-abort protocol with no delays. This is larger than the 1.5 second average delay, sothis test does not exhibit the increase in time to commit that the minimal contentiontest did. There is again a small increase in the number of aborts under this protocol.Low-Contention Delay Experiments
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Figure 7.10: Invalidate-on-commit.
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Figure 7.11: Invalidate-on-abort.



88 CHAPTER 7. CACHE COHERENCY EXPERIMENTS7.7 Experimental ConclusionsThe �rst experiment demonstrates that client disk caching improves time to commitbut results in an increased number of aborts without an appropriate cache coherencyprotocol. The invalidate-on-commit protocol is e�ective in reducing the number ofaborts: Figure 7.4 shows a reduction of a full order of magnitude. The cost of thisimprovement is an increased time to commit.Asynchrony proved to be a useful tool in developing a new cache coherency pro-tocol, invalidate-on-abort, which reduces time to commit. Invalidate-on-abort intro-duces asynchrony by delaying invalidation messages from commit time until an abortoccurs. This delay causes objects in the client caches to diverge further from thecommitted state than they would in invalidate-on-commit. Invalidate-on-abort ex-ploits this asynchrony by building larger messages that make more e�ective use of thenetwork and require less processing overhead. Invalidate on abort reduces the timeto commit by more than 50% in both cases, but at the cost of increased aborts.



89
Chapter 8Related ResearchThis section compares BOSS to other object and page servers, extensible databases,and distributed �le systems. A number of other systems serve objects or pages: forexample, Mneme [33], ESM [6], and the original ObServer [21]. Postgres [45] andStarburst [42] are two extensible relational database systems. Object servers drawfrom �le system technology for persistent storage and cache coherency; this chaptercloses with a comparison between BOSS and the Andrew File System [22] and theSprite Log-Structured File System [40].8.1 Object and Page ServersThe basic service BOSS provides is transaction support for persistent objects in adistributed client-server environment. Page servers and object servers both providethis service. These systems di�er from traditional database applications in that thedata is moved to a client machine's work space, operated on for some time, and thenreturned. A traditional database sends an operation to the database, the operationis performed locally, and then the result is returned.Page servers act much like a �le system. Pages are provided to clients and updatesare performed on those pages at the client. An advantage of such a system is that



90 CHAPTER 8. RELATED RESEARCHa data reference is a direct address and locating the appropriate page is also simple.Because the page is a �xed-size unit, moving it from the server to the client is simple.Page servers require that applications implement object abstractions on top of theraw pages, which leads to some problems. Because a reference to an object is a directaddress, expanding or moving an object is di�cult. Also, concurrency control is basedon the physical layout of the data, not on the semantics of the operation that reador modi�ed the data.Object servers correct many of these problems by mapping application objectsdirectly to storage objects. Concurrency control can be performed on application-levelobjects, so updates to distinct objects do not cause false aborts. Further, an objectstore takes advantage of the semantics of operations, so that concurrent applicationoperations that do not con
ict semantically do not cause unnecessary aborts. In anobject store, the identity of an object is fully independent of its value, size, or location,so that an object can expand and move easily. However, this 
exibility comes at thecost of added complexity in dereferencing an object.ObServer [21], the precursor to BOSS, introduced several features: semantic clus-tering of related objects, a novel lock set for cooperative work, and a noti�cationsystem that also supports cooperative work. BOSS improves on ObServer in the ar-eas of distribution, extensibility, and performance. ObServer o�ered only multi-client,single-server distribution. Some work was done to tie together multiple servers, butit lacked correctness guarantees. Much of the functionality that ObServer o�ered isencapsulated in the segment storage class in BOSS. In addition, the ability to addnew storage structures allows BOSS to be specialized for high performance for speci�capplications.The Exodus Storage Manager (ESM) [6], a page server developed at the Univer-sity of Wisconsin, provides support for values and indices. It generalizes the Ariestransaction recovery system [32] to operate in the client-server model. Aries usesthe concept of a log sequence number to reduce the time that a lock must be held



8.1. OBJECT AND PAGE SERVERS 91and facilitate recovery in a pessimistic system. The Aries implementation of a logsequence number is di�erent from that presented here, but the concept is basicallythe same. The log sequence number is a strictly increasing address into the log. TheBOSS implementation uses memory mapping to allow faster access to a record in thelog.The Wisconsin simulations show that caching locks across transactions signi�-cantly improves performance. The bene�t of lock caching is that clients can keepdata across transaction boundaries and access that data without having to su�er around-trip communication delay to the server. ESM requires clients to remain incontact with a server to keep data cached. The BOSS algorithm allows clients to keepobjects for an inde�nite amount of time without accessing the server. This featurebecomes more advantageous as clients perform more optimizing transformations, suchas pointer swizzling or compression on data in the cache, and as architectures becomeheterogeneous, requiring translations between di�erent caches.SHORE (Scalable Heterogeneous Object REpository) is a second-generation de-scendent of ESM and Exodus from Wisconsin [12]. SHORE shares BOSS's goal ofincreased extensibility but realizes it in a di�erent manner. The means to extendSHORE is the Value-Added Server (VAS), which allows sophisticated users to imple-ment new abstractions directly on SHORE servers, bypassing the type system andstandard communication overhead. A VAS is provided to allow backward compat-ibility with the UNIX �le system. A VAS could potentially implement a relationaldatabase server, but VAS does not have the ability to de�ne the concurrent semanticsfor the abstractions it creates as the BOSS storage class does. Concurrency controlis performed on the underlying physical structures using read/write locking.The Mneme Persistent Object Store [33] explores the integration of an object storewith a persistent programming language. It provides a persistent heap of objects thatare available in a distributed system. The object model for Mneme is �xed, but itdoes o�er some support for specialized bu�ering policies. A general policy is called a



92 CHAPTER 8. RELATED RESEARCHstrategy, and an instantiation of a strategy is called a pool: for example, a strategymight be LRU paging and a speci�c pool might be an LRU cache with 2000 elements.Every object belongs to a pool, and this pool can change.The intention of the strategy to provide specialized support for di�erent classes ofobjects, as the BOSS storage class does. The BOSS storage class, however, providesnot only di�erent bu�ering policies but also di�erent storage structures and objectlocation methods. Perhaps the most important di�erence is that a BOSS storageclass actually extends the BOSS interface: new access methods can have di�erentabstract interfaces. BOSS enhances performance and increases concurrency using thesemantics of this interface.Mneme is intended to be a layer between an object store and an OODB. It doesnot provide recovery. Mneme semantics could possibly be provided by a storage classin a BOSS con�guration. This would provide the bene�ts of a Mneme system and inaddition recovery and the availability of other storage classes for specialized purposes.Camelot [11] is another system that could be classi�ed as a page server, but it hasa slightly di�erent computation model. Camelot provides the abstraction of persistentvirtual memory to data servers that run on the same node storing the persistent data.A Camelot server node must perform all disk I/O and computation associated with atransaction. The BOSS model allows clients to operate on remote machines and letsa specialized server handle all disk operations, so client workstations with large mainmemories and fast CPUs cache their data and perform computation locally insteadof using an RPC call to a remote server for every computation.Camelot o�ers several choices for logging. A data server can choose either local orremote logging, and each transaction can choose new-value, old-value or new-value-only logging. Log sequence numbers facilitate recovery in a way similar to BOSS.Camelot uses a structure called the grid that is similar to the update and intentionslist in BOSS; however, there is a major di�erence. The Camelot grid is an indexstructure stored in volatile memory and must be reconstructed after a failure. The



8.2. OBJECT-ORIENTED DATABASES 93update and intentions lists in BOSS are stored persistently in the log and do not needto be recovered after a failure.The Avalon [11] language uses Camelot to provide a persistent C++. BecauseCamelot provides only persistent virtual memory, the semantics of the objects imple-mented in Avalon are lost at the persistence layer. BOSS captures semantics withinthe persistence layer to allow for special memory-management policies or type-speci�cconcurrency control.8.2 Object-Oriented DatabasesThe THOR (The Object Repository) system developed at MIT consists of a newprogramming language called � (Theta), interfaces to popular programming languagescalled veneers, and an OODB as an integral part of �'s runtime environment calledthe OR (Object Repository).We cooperated with the THOR group at the early design stages and BOSS sharesseveral common attributes with the THOR OR. BOSS uses the same computationmodel: computation occurs on client workstations and shared servers provide per-sistence. THOR uses the same backward-validating optimistic concurrency controlprotocol as BOSS. Although THOR's current implementation is not extensible, this isa feature its designers would like to provide in the future.BOSS di�ers from THOR in its support for extensibility and its approach to recov-ery. BOSS provides the storage-class abstraction, which allows implementors directcontrol over memory management and concurrency control. THOR plans at somepoint to allow client code to operate at the servers and to allow objects to managetheir own concurrency control, but neither of these features has been fully designed,and their would provide less control than the BOSS storage class abstraction provides.THOR's designers plan to o�er highly available, replicated servers using a primarycopy replication scheme [35]. The group has implemented this algorithm in the HARP



94 CHAPTER 8. RELATED RESEARCHreplicated �le system, which provides near-UNIX semantics in a highly available �lesystem [27]. A critical issue in a primary copy replicated system is the time requiredfor the secondary machine after the primary fails. Techniques from BOSS's NR-WALmight prove useful in reducing the fail-over time. Of speci�c relevance is BOSS's useof log sequence numbers rather than clocked timestamps or operations counts.GemStone operates in a distributed client-server system and extends SmallTalkwith persistence, concurrent access, transactions, and indexing over large collections[30, 31, 38]. The original clients were PCs and the original servers were VAXs runningVMS; the system is still in existence and now supports a wide variety of clients andservers as well as the C++ language.GemStone is built on a query shipping model. The client machines send instruc-tions to the servers and a result is returned. Most data exists on the server and allGemStone computation occurs at the server. The Server runs two types of processes,Gem processes, of which there is one per active client, and Stone processes, of whichthere is only one per server. Stone is GemStone's object store.Stone manages concurrent access and provides fault tolerance by using shadowing.Each Gem process has its own virtual copy of the entire database. A true copy of anypart of the database is made only when that part is modi�ed. Upon successful ter-mination of a transaction, changes are made permanent atomically by careful pointermanipulation.8.3 Extended Relational DatabasesStarburst [42, 19, 26] extends relational databases in �ve areas: external data storage,storage management, access methods, abstract types, and complex objects. Manyof the issues Starburst addresses are at the data-model level and thus should becompared to an OODB, not to an object store. Abstract types, complex objects,and most of the access methods fall into this category. The one category of access



8.4. FILE SYSTEMS 95method that is comparable within BOSS are what Starburst calls exogenous accessmethods. Starburst adds new functionality with specialized components \on the side"of a conventional database system. These components are \called as they are neededdirectly from within components of the primary system." \An `exogenous' accessmethod is one for which the data structure used to store access information is notmanaged by the primary database system."The Starburst architecture di�ers from that of BOSS, which is designed to addnew functionality in a new storage class. In BOSS as in Starburst, the storage classcan de�ne its own storage layout and access methods. In addition, however, a BOSSstorage class can de�ne its concurrency-control semantics at the level of the operationsit supports rather than at the level of physical storage. We exploit the concurrencysemantics of these operations. A new BOSS storage-class actually extends the BOSSinterface with a new ADT. The storage class implementor has exact control overwhether parts of the abstraction are built at the client or the server.The goals of the Postgres Storage Manager are instantaneous recovery, historicalaccess, and utilization of new technology [45, 28]. Postgres provides a linear historyand allows more than one version of an object to be viewed in a transaction. Be-cause Postgres keeps the entire history of all its data, the recovery system di�ers fromconventional systems. It provides instantaneous recovery without using conventionalwrite-ahead logging (WAL) or disk shadowing. The Postgres algorithm requires largeamounts of non-volatile main memory to perform as well as WAL for normal process-ing. BOSS's NR-WAL performs as well as WAL during normal processing and o�ersinstantaneous recovery without requiring of large amounts of nonvolatile memory.8.4 File SystemsA page server is similar to a �le system with added support for transactions. Twointeresting developments in �le systems in
uenced BOSS: the Sprite Log Structured



96 CHAPTER 8. RELATED RESEARCHFile System (LFS) and the Andrew File System (AFS).LFS is interesting because it shows the feasibility of reading from a log given areasonable cache. BOSS uses this facility to accelerate recovery and simplify trans-action management data structures. LFS [40] keeps all data in a log, signi�cantlyreducing the cost of a write. The disadvantage of a log is that it does not supportrandom access. The �le location information must be kept stable, resulting in amajor overhead cost because this information is constantly changing. In an objectstore, the problem would be even worse because of the �ner granularity of naming.Also, garbage collection in a distributed persistent heap is much more complex thansegment compaction [23].AFS is interesting for its distribution properties. AFS 3.x [22] is a distributed�le system that serves a purpose similar to Sun's NFS. However, the scale of thedistributed system within which AFS operates is much larger than that of Sun's NFS:NFS was meant to operate within a single organization, whereas AFS can handleglobal distribution. One interesting feature of AFS that BOSS shares is nonvolatileclient caching. Data can be cached on a client's local disk for extended periodsof time. However, cache coherency becomes a problem when caching data for longperiods of time. AFS introduced call back locking which caches locks as well as dataat clients. Franklin [14] shows that this protocol is desirable for database systems aswell. Failures cause problems with consistency when locks are cached. AFS solves thisproblem by using locks that expire after a well-known period of time. BOSS, on theother hand, does not require that the cache be kept perfectly coherent. The versionnumber associated with each object indicates whether the object is up to date, soBOSS can tolerate failures without any special means.
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Chapter 9SummaryThe Brown Object Storage System (BOSS) makes contributions to the areas of cachecoherency, recovery, and concurrency control.� BOSS does not rely on cache coherency for transactional correctness, so thatthe cache coherency policy o�ering the best performance for a storage class canbe chosen without regard to its correctness properties.� No-redo write-ahead-logging (NR-WAL) improves upon traditional write-aheadlogging by eliminating the redo phase from recovery processing. This improve-ment allows normal processing to begin sooner after a system failure.� BOSS applies the theory of local concurrency control to separate concurrencycontrol and storage management concerns. This model supports all existingdatabase access methods as well as many that may be invented in the future.We consider BOSS a truly asynchronous system because it has few restrictions onhow or when internal operations occur. The database is never required to be in aconsistent state. The only requirement is that the small portion of the database thata transaction observes must appear to be consistent at the instant the transactionprepares to commit.Asynchrony in BOSS has two main e�ects. BOSS introduces a new recovery algo-rithm, NR-WAL, that requires no undos or redos during recovery, thus signi�cantlyreducing recovery time. The invalidate-on-abort cache-coherency policy o�ers perfor-mance advantages under the workload BOSS expects. BOSS does not actually require



98 CHAPTER 9. SUMMARYcache coherency for correct operation. Transactions that observe old objects willabort, so it is up to the storage class to determine the best way to keep its objectsup to date.Asynchrony and modularity are complementary in a concurrent system. Evenwith a well-de�ned module structure, constraints on the timing of external eventsrestrict the implementation of the module and therefore sti
e experimentation andinnovation.BOSS achieves extensibility via the storage class, a novel concept that separatesmany database internals from the abstraction that the database provides. The storageclass can extend the interface of the database by providing new functionality, and canalso be used as an experimental testbed.The ability to add new functionality at the storage level allows BOSS, and there-fore applications built using BOSS, to take advantage of new developments in storagetechnology and move into new domains. New developments have also occurred inmultidimensional range searching in secondary storage [16]. Any of these new struc-tures could be tested as a storage class within BOSS. In addition, the storage classhas already allowed BOSS to be used in application domains beyond those for whichit was designed (See 4.5).An algorithm can be incorporated into a storage class and tested in a com-mon framework. The advantage to testing an algorithm within a complete, runningdatabase is that unexpected interactions can be discovered. Any simulation makessimplifying assumptions about the environment in order to focus better on the cur-rent problem. If these assumptions are not correct, the results of the simulation willnot be valid. An experiment with a full running database does not su�er from this
aw.
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