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Abstract

In the late 80’s new applications such as CAD, hyper-medid pjaogramming environments stressed to the limit
existing database technology [2]. To meet the demands eéthew domains OODBs were developed. There was,
and still is a great diversity in their architecture and fimality. Furthermore, this functionality continues teoéve
[14, 22]. However, early on one common feature emerged atdthhey all used some distinct service that provided
stable storage for objects or pages, referred to as objaarseand page servers respectively [13].

This paper describes problems facing the continued derredapof object stores and addressesthem in the design
of ObServer2. The design takes a new approach to the cotistro an object server that allows it to meet changing
needs. Also, it presents original contributions in the gesif concurrency control and recovery algorithms.



New applications such as CAD, hyper-media, and programeingronments stress existing database technology
to the limit [2]. Object Oriented Databases (OODBs) weredligped to meet the demands of these new domains.
All OODBs use some distinct service that provides stableagi for objects or pages, referred to as object servers
and page servers respectively [13, 4]. OODBs support newicagpipn domains with extensible type systems that
allow new abstractions to be added easily. In contrast, Hjecostorage layer is fixed or very difficult to modify.
This causes performance problems whenever an OODB atteémpisdel a domain for which specialized secondary
storage structures exist. It would be desirable to have msible object store that could accommodate new intesface
Incorporating a new storage structure into an existinglea implementation is a formidable task. In addition to

implementing the storage structure, concurrency corieobvery and other modules would need to be changed.

The goal of this project is to build extensible, high-penfi@nce, persistent storage for objects in a distributed
environment. Distributionintroduces the problem of commigation overhead and partial failure. Distributed commit
protocols [11] guarantee correct operation in the eventagfig failure, but under certain conditions all distribdt
commit protocols block until the failed server recovers.SBtver2 addresses the problem of failure with an original
recovery algorithm that does not require any undos or redulewequiring reduced output during commit. Therefore,

the server recovers quickly after a failure.

High performance in a distributed system requires striotras of 1/O costs. The technology trends for both disk
and network I/O are similar. Bandwidth is increasing in pmdjon to other system resources such as memory size and
CPU speed. However, communication latency is already deoeitk [10], and since it is not improving at the same
rate as other system resources, it will continue to beconre mica problem. ObServer?2 is constructed from loosely
coupled entities that cooperate asynchronously throughdeéned interfaces. Avoiding synchronous operations

helps reduce communication overhead.

1 Contributions

The work described in this paper was motivated by severdllpnas in existing database technology and distributed

systems.

1. Inaclient-server distributed system, there is the gt f keeping cached copies of data up-to-date with respect
to the primary copy at the server. This problem is partidulacute in database systems which provide strict
correctness guarantees [10]. The communication cost pitkgéhese caches up-to-date becomes a performance
bottleneck.

2. Atraditional implementation of the most popular and &ffit recovery mechanism in database systems, Write
Ahead Logging, requires either a redo phase or an undo phésgloduring recovery. This phase is expensive
because updates must be applied to base versions. Theredaslgreat deal of work to reduce the time
required for this phase, but none has totally eliminated it.



3. Concurrency control relies on the physical layout of datsecondary storage. Interactions with concurrency
control make it difficult optimize storage.

4. Multiplexing client requests is a complex component ofasabase system. A traditional implementation
multiplexes all client requests and internal activitieghivi a small number of operating system processes.

5. Testing new database concepts is difficult because dmadrahitectures are tightly coupled and difficult to
modify. Simulations explore restricted parts of a systenagrarticular algorithm, but cannot explore the
complexity of a large system to discover unexpected intenas.

The contributions of this work correct or alleviate thessippems and provide insight into the nature of constructing

a distributed database.

1. Multiple Cache Coherency Policies

ObServer2 is the first database that does not depend on cabkeency for transactional correctness. This
provides ultimate freedom in choosing a cache coherendgypdt is likely that for common workloads it is
desirable to occasionally let the cache drift out of synolration because communication costs will be greatly
reduced. Reducing the cost of maintaining client cachesem#kpossible to cache large amounts of data
on client for long periods of time on the clients local disklloing the caches to temporarily drift out of
synchronization allows tolerance of communication faland may eventually allow support for disconnected,
mobile operation.

2. Efficient Recovery Technique

ObServer2’s recovery algorithm improves on the populareffidient Write ahead logging. ObServer’s No-
Undo, No-Redo Write Ahead Logging does not require any wgsldtiring recovery. This reduces recovery to a
single scan of the log. The redos are applied on demand agjet®are read or asynchronously after recovery
by the same background process that normally applies update

3. Local Concurrency Control

The design of ObServer2 applies the theory of local conaggreontrol to separate concurrency control and
storage management concerns [20]. Objects in ObServerfulfyeabstract with respect to the transaction
manager. Objects can be implemented in different ways er different operations. This allows support for all
existing database access methods as well as any that maydvedd in the future. No other database system
has applied this theory in this way.

4. Novel Use of Threadsto Achieve Effective Asynchrony

An ObServer2 server is structured as a collection of asymaius threads. Coping with asynchrony in this way
simplifies construction of the object store and allows faresal of the optimizations described previously. For
example each client will have several dedicated threads.tfnead manages direct client requests and another
does background work to anticipate the needs of that p#aticlient. The updates of all committed transactions
are applied to the stable store by another set of backgrdwedds.

5. Experimental Testbed

The prototype implementation will act as an experimentstbied. This required the design of a very flexible
database architecture which could be easily modified arehded. All of the previous contributions relate to



this flexible architecture. A great deal of work went intoidesng strong abstraction boundaries and reducing
restrictions on the implementation of storage structunescammunications.

The experiments described here will shed light on the implaation of all database systems and offer insight
into the construction of high performance database systems

e Naming

Our experiments with the original ObServer showed thatabjaming and location is an important per-
formance parameter [5]. In the ObServer2 prototype, thragtclass mechanism allows experimentation
with alternative naming strategies.

e Caching

Some work at Brown on intelligent, predictive caching altfons has shown their theoretic importance
and simulations have shown that they will have a practicpliegtion [16, 19]. There are a nhumber of
issues to be resolved in actually incorporating an intetlig predictive cache in a database. The storage
class mechanism allows experimentation with intelligewhing policies.

e Concurrency Control policies

ObServer2 can exploit the semantics of a particular opmratnd the arguments to that operation to attain
higher potential concurrency. Experiments will determtime correct level of abstraction for concurrency
control.

2 Architecture

Early object servers and page servers offered support ftii-ohient, single-server operation. To allow more users,
provide access to more data, and take advantage of advarttaslivare technology servers in the future will be fully
distributed, multi-server systems. Distribution inceesishe aggregate hardware resources available to the databa

but it introduces a number of problems that make it difficaltapitalize on those resources.

In a distributed system communication overhead can becdrottlaneck. Increasing network bandwidth alleviates
the problem to a certain extent; however network latencypismproving proportionally. The cost of a small message
per unit of information is significantly above that of a largeessage. Another important cost measure is the round
trip latency for synchronous communication which is thei®a$ many concurrency control and cache coherency
algorithms. A synchronous communication consists of a ternall and return. Such communication is particularly
expensive because the sending process must block untibtheanication completes. While the process is blocked

it cannot accomplish any work.

Failure presents another problem in a distributed systeerevmany components can fail independently. Upon
failure of a component the rest of the system needs to comfpinocessing. If the failed component is on the path of
a synchronous communication, the sender will be blockeilltlnetcomponent recovers, i.e., the failure propagates to
the sender. A solution to both latency and partial failu®iase asynchronous communication. Small asynchronous

communications can be grouped into larger, relatively ésgensive messages. Furthermore, no process waits for an



asynchronous communication. Thus, a failure along the comration path does not propagate delays to other parts

of the system. ObServer2 uses algorithms that significaetlyce synchronous communication.

Figure 1 shows three end user applications: a VLSI tool, a @éd, and a Hyper-Media application. Each of

these is implemented using a client OODB, which in turn islengented on top of ObServer2. Clients communicate
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Figure 1:

with ObServer2 via a client stub. ObServer2’s client stuisrim the address space of the client OODB. The protection
boundary between the database and the application muspbenmanted by the OODB between it and the application.
The OODB calls operations on the stub of a storage class. eTéygsrations can result in computation at the client
or communication with the server. Not all operations wibwk in communication with the server. The client will
communicate with the server once to fetch the object and eack time a transaction that read the object commits no

matter how many times the object is read or how many trarsatiead the object.

In our computation model the client explicitly contactstea€the servers it needs information from and the servers
communicate with each other only to synchronize for disttéll commit. This model was chosen because ObServer2
does not aim to support general distributed computatios.piimary function is to provide persistent storage for

objects.

ObServer2’s internal interfaces are fixed and well defindu|exthe architecture allows the interface ObServer2
presents to client OODBs to be extended. ObServer2 allowssterage structures to be added to the system as a
storage class. A storage class is a vertical slice through the layers imtbenory hierarchy. Each piece of this slice
has a well defined interface. The external interface it prssto the client OODB depends on the semantics of the

storage class. Figure 2 shows a very abstract view of Ob&epanfigured with two storage classes: a segment



and a B-Tree. The rounded rectangles are Abstract Data TA¥E's) that span the client and server. The rounded
rectangle contains the operations which the ADT providéiseelient OODB. Segments are comprised of any number
of variable sized byte streams which supgetth, read, write, andcreate. B-Trees contain associations between

values and objects and providesert, delete, find, andcreate operations.
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Figure 2: Layers & Vertical Partitions

Figure 2 also shows how ObServer2 vertically divides bagstesn services. There is a Session Manager (SM)
which is responsible for maintaining connections to actients and other servers. The Transaction Manger (TM)
synchronizes the operations on all objects in all the déffieiclasses. The Name Manger (NM) allocates names that
the classes use to identify objects. The basic system ssraie the same in all configurations of ObServer2, only the

storage classes change.

3 Storage Classes

One of the major advantages of a storage class is that it tiieemplementor control over how and where the state of
an object is implemented. The base implementation of OlEB2iimcludes one storage class that implements simple
objects that consist of a byte stream and an Object Iden{tfid). These simple objects provide adequate support
for some applications. A new storage class could be implézdeifi an application needed to take advantage of a
specialized secondary storage structure. As an examplamnveansider the B-Tree mentioned in Section 2. One way
to implement the tree would be to send the pages of the treetine tlient on demand and perform ineert, delete,

andlookup operations at the client. Alternatively, the operationgldde sent to the server and performed there. The
result would then be sent back to the client. Each option @petform best under some workload. ObServer2 allows

both implementations to coexist.

A storage class contains ObServer2 objects. ObServer2telgan take many forms. All objects are addressed
by a unique Object Identifier (OID). This OID encodes the £latan object to prevent the class of an object from
being altered. ObServer2 uses an optimistic concurrenayaalgorithm which allows multiple versions of the same

object to coexist. An OID and a Version Number together idgiat copy of an object. All copies of an object with



the same Version Number and the same OID have the same state.

Each storage class defines its own type specific concurremtyat. The advantages of type specific concurrency
control are discussed at length in [21]. In short, higheleptal concurrency can be achieved by taking advantage
of the semantics of the various operations that can be peeion an object. Concurrency control and recovery are
performed on a per object basis within a class. The classrdigtes if each object was accessed correctly and the
Transaction Manager determines if the entire transacaarcommit. Recovery is also based on an object’s semantics.
The Transaction Manager logs the operations performed asbgatt, not the physical storage that was modified.

Logging operations makes it possible to recover objectividdally as discussed in Section 4.

There are, however, several important limitations to tloeagfe class which keep ObServer2 from serving as a
general purpose OODB. Objects store references to othectsbp the form of an OID, but the operations on storage
objects cannot follow these links. Storage classes areduréstricted by the the fact that there is no type or inheci¢

hierarchy among storage classes.

Servers communicate only to synchronize, so one serveotask another server to perform an operation or for
the value of an object. Therefore, the arguments to an dparah an object at the server must be either values or
references to objects. For these reasons, the implenmamtdia storage class is concerned only with the representati

of independent storage objects. The relationships betwbjatts are exploited at the client by the OODB.

ObServer?2 offers the storage class implementor alterestiv deliver the best performance to the clients of the
storage class. There is a tradeoff between whether to pedaroperation at the client on a copy of an object or to
perform the operation at the server, and send the resuletdigmt. Sending the object to the client has the advantage
that the object can be cached. Performing the operatioreadiver requires that the object stay in the server buffers

for a longer period of time and requires greater server CROurees.

A storage classes’ extensibility is achieved by the samedfatispatch table used in a remote procedure call
service. The difference being that the dispatch is integratith transaction management. The dispatch table allows
new storage classes to register operations it wishes taq@oWhen the database starts up, a storage class willeegist
its operations with the transaction manager. In additidinécoperations a class provides the class registers a ¢onflic

operation. The conflict operation takes two arguments, @napld an operation:
bool Conflict(OID o, Object() *Op1);

The Conflict operation determines if Op could invalidate ¢benmitted state of o based on the semantics of the
operation and the arguments to the operation [21]. The Gparaannot access the state of the object or the state
of objects to which the object under consideration refeus,the arguments to the operation are available. Conflict

returns true if Op has been invalidated by some prefious tiperia o’s history.



4 Recovery & Persistence

Storage classes play a central role in this architecture.eyAdesign decision that makes the storage class notion
feasible is our approach to recovery. This approach is basegeration logging and asynchronous update of copies.

Thus, a storage class does not have to constantly returedadiject versions whenever a transaction commits.

Observer2 relies on the service of a persistence layer (he. stable store) to achieve stability for data and
transactions. This layer consists of two fundamental carepts. One is a memory-mapped log and the other is one or
more partitions that contain the base versions of the dataaliility of modifications made by transactions is achieved
by entering an intentions record in the log. It is the cooatiion of the log and the heap of base versions that provides

full persistence.

ObServer2 introduces a recovery algorithm called No-RedteVihead Logging (NR-WAL) as a way to reduce
the overhead of recovery. Intentions lists are used to ehieithe undo phase of recovery [1]. There is no redo phase
because NR-WAL does not require the current state of an tigjée stored stably, so the stable state does not need to

be recovered immediately after a crash. The most recemtiséfvre the crash can be reconstructed later on demand.

History of Operations Stable Storage

Figure 3: Components of the Current State of an Object.

The stable state of an object is composed diage version and a sequence of operations calletiigtory.
Operations could be as simple as read and write or more saitésl semantic operations such as insert, delete, and

lookup. Operations are either reads or updates. A read tigedoes not change the state of the object.

Figure 3 shows the history of a series of update operatiormhabject. The update operations are stored in a list
with the most recent operation at the head of the list. The lsassion contains a pointer to the last operation that was
applied to the base version. During normal operation the assion can fall behind the current state. The object
is brought up-to-date, by applying the appropriate openatifrom the history. In the figure, the base version is two
operations out-of-date. Applyin@p 4 thenOp 5 brings the object up-to-date. The core of NR-WAL algorithem i

based on a set of data structures that determine when to applgeration to an object.

A further explanation of NR-WAL requires a discussion of sancurrency control algorithm. ObServer2 uses a
timestamp based, optimistic concurrency control algarifh?]. A transaction collects its operations iniatentions
list [1]. During the transaction the operations are incremégntalitten to a sequential log in stable storage. Figure 4

shows thelransaction Table and twol ntention Records in the log.

Arecord in the log is addressed by iteg Sequence Number (LSN). As records are added to the log, their LSNs

strictly increase. Since the LSN of an operation is a syricttreasing value, it can be used as a timestamp for the



Transaction Table

T36 | Prepaired struct TTRec{
T53 | Running | e Transaction TID;
T24 | Commited State enum;
Intensions *IntensionRec;
}
.ﬁ ﬁ struct IntentionRe¢
' L Transaction TID;
VITTE ] operations LITIL ] operations PreviR *IntentionRec;
RI5|s| ®P R|5[s| P Operations OperationRec[];
3 3N }

Write Ahead Log
Figure 4: Chaining Intention Records

purpose of concurrency control. In this implementatioe, tl$N of the last applied operation denotes both the time
of the last operation and its location in the log. To checkcfmrectness, every operation in the intentions list corstai
the version of the object it should be applied to. The ver§umints” directly to the previous operation on the object.

These links implement the history of operations shown iruFég.

An important recovery data structure, tersion Table, contains the most recent LSN for every cached object. It
is the Version Table that indicates that operations 4 andel be be applied in Figure 3. At commit, the transaction
manager checks the operations in the intentions list agdirsversion Table. There is no conflict if the transaction
read the most recent version of every object. If there is dlicbthe transaction must abort. Every time an object is
read by a client, the base version is checked against thgiaritre Version Table. The object is up-to-date if they are

the same. Otherwise, the Version Table “points” to the ajmna that need to be applied.

If the transaction spans multiple servers, a 2-phase coaiguotrithm is used [11]. The first and second phases of
2-phase commit modify the tables to indicate their curréates It is worth noting that updates do not lock the entire
Version Table or Transaction Table at once. During the peephase the intentions list is forced to the log along
with a prepare record. A small record is forced to the log tmeut or abort the transaction. Committing an object
requires no updates to the base versions of objects. Thédeebirought up-to-date either as needed or eventually by

a background process.

Applying the appropriate operation to a copy of an objechdmithat copy up-to-date, but it does not actually
modify the base version. It only modifies the copy in volatilemory. The base version is finally modified when the
buffer manager at the server needs more space. The buffegmakeeps track of which objects have been modified

and sends them to stable storage before it discards a eataply.

Both the history of operations and the base version of arcbbje stored stably and are not affected by a system
failure. The Version Table and the Transaction Table mustgdafated frequently. Recovery is instantaneous if there
is a small amount of non-volatile memory to hold these tablde intention, prepare, and commit records in the log

contain the information necessary to recover the tables aitrash. The tables are checkpointed periodically taceedu



recovery time and to compact the log. Several optimizatikeep the checkpoints small. There does not need to exist
an entry for an object whose base version is up-to-date.wifles a transaction that is known to have committed or
aborted at all sites does not require an entry. When a chadkisgacomplete, its location is written to a well known

location in stable storage.

The two volatile structures that ObServer2 depends upocdioectness are the Version Table and the Transaction
Table. A failure will corrupt volatile memory and these stiures will need to be recovered. The TM periodically
checkpoints these structures in the log so that they candoeeed. The log implementation guarantees that there
will always be at least one checkpoint in the log.

Checkpoint Crash Stable

Head of

Commit
The Log

[] Records
Ve 1 3 ) P

Write Ahead Log (Time)

\ .y
o

Scanned During Recovery

Figure 5: A Checkpoint & A Crash.

Figure 5 illustrates the portion of the log that is scannedndurecovery. The crash indicates the position in the
log that was being written as the failure occurred. The sthleld of the log is kept ahead of the actual head of the
log at a well known location in stable storage. The recoveryspbegins at the last complete checkpoint and replays
all the updates to the Version Table and Transaction Tabéemidl operation begins upon completion of the scan. A

volatile copy of an object that was lost is recreated on dehfienm its base version and history.

5 Examples

Two examples illustrate the interactions between the geockass and the transaction manager and the workings of the
storage class itself. The first example follows the courseneftransactionl, through some of its significant events.
The second follows one obje@®, through a storage class. The example consists of a diagitdmfalveled arcs and a
textual description. The labels in the diagram corresportti¢ labels in the text and the events in the text are given

in the order that they occur.

1. Begin:  Begin is the first message in a transaction. In responseeiat &iub creates a Transaction Identifier,
T. OnceT is created, the client OODB calls operations directly ondfoeage classes.

2. Operations.  The operations that a client OODB calls on the client stublmadifferent from those that are
actually sent to the server. Also, the number of operatiensay differ from the number actually invoked on
the client stub. For example, the OODB can invoke many wiiterations and only one update will be sent to
the server.
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Figure 6: The Transaction Manager and a Storage Class

3. Intention Rec’'s:  The operations of are collected and sent to the server in an intention recbitths one or
more intention records streamed to the server. Streamihgees 1/0 at commit.

4. Commit:  To save the modifications made during the transaction tleatctialls Commit on the transaction
manager. The client transaction manager then causes adutcends a Commit Rec to the server transaction
manager.

5. Force:  In response to the force message, the storage class putd dry @maining operations into an
intention record. The Force blocks until this is complete.

6. CommitRec:  The final intention record is combined with a commit requestf. These are sent to the server
and stored stably.

7. Conflict Check: At the server, the TM calls the Conflict operation for eacheobjn the intentions records
for T. Conflict returns true i’s operation conflicts with a previously committed operatio

8. Outcome:  Provided there are no conflict$, is committed at the server. The client TM is notified of the
outcome after a commit record has been forced to the log.devlentT must abort, the client stub must flush
any objectsI modified.

9. Operations:  After T commits, its operations may be applied at the server. Thesetions are of a restricted
form described in Section 3. Section 4 describes what hapgeam objectT modified is read befor@’s
operation is applied to it.

The next example follows the path of a simple objéxtas it moves through the different layers of a storage class.
O is a simple object that supports only read and write oparatio
1. Read: The first operation o is a Read from the client OODB. A Read operation can only biedathile
the client OODB has a transaction running. Objects can bleechbetween transactions but for the purpose of

this exampleQ is not cached at the client stub and the Read results in antdhjdt.

10
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Figure 7: Inside a Storage Class

. Fetch: To handle the fault o® a fetch is issued to the server.

. Read: The server checks its cache forand finds that it is not cached and issues a read to the staiée st

The storage class uses its location table to determine vibhéestored in the stable store and issues a read for
the appropriate pages.

. Version Check:  After O is in the server memory the storage class checks that thermeO that was read

from disk is the most recent version. If it is not, it is brotigp-to-date as described in Section 4.

. Object:  This example is only concerned withas it is sent back to the client stub. More than one object may

be returned as a result of a fetch operation because of chggend prefetching. It is up to the storage class to
determine how many additional objects are sent to the client

. Placed In Memory:  WhenO arrives at the client stub it is cached in the buffer pool fdufe operations.

. Writee At a later point in the transaction the client OODB writes avnalue intoO. This change is now

reflected in the clients buffer.

. Commit: At some point later, the client transaction sends a commésage to the transaction manager.

. Force  The transaction manager sends force to the storage classietihvalue 0D is placed in an intention

record and sent to the server as described in the previonspaa

Conflict Check: Before the transaction commits the TM in the server callsfltion O to determine if the
update was invalidated. If so the transaction is aborted.

Write:  Some time after the transaction commits, the new valu@ &f placed in server memory. The new
value can either be sent down from the client or be recongdutom the log. This does not have to occur
immediately and once the new value is in server memory it doeseed to be forced to stable stora@és new
value is sent to stable storage when the buffer manageretetidt it is no longer needed in server memory.

11



6 Memory Management

To facilitate the implementation of classes and to keepselmgrom competing with each other for buffer space
ObServer?2 provides a specialized memory management sy$tesrsystem is specifically for management of objects
within a particular layer in the memory hierarchy. For tléason this subsystem is called the Memory Object Manager

(MOM).

Memory

R S Object
Manager
Segment Iy B-Tree
Storage Network Storage
Class Y Class

Memory
- Object
Manager

Figure 8: Two storage classes and two memory object man&géesis).

Each client and each server will have a MOM. MOM provides sexvto all of the classes within that layer of the
system. Figure 8 shows an example system configurationeTdrertwo storage classes: the Segments Storage Class
and the B-Tree Storage Class. One MOM is on the client andttiex & on the server. They are connected by the

network.

A Memory Object (MO) is simply an arbitrary sized piece of n@nidentified by a Memory Object Identifier
(MOID). A MOID is a handle to the MO that hides its actual Idoatin virtual memory. The MOID is valid only
within the MOM that created it. When a MOID is created thenedsnemory associated with it. Some time later when

a storage class wants to use the MO it associates the MOIDrte seemory of a certain size with the Bind operation.

There are two other operations on a MOID: Pin and Unpin. Timeopieration returns the actual location of the
object in memory. Since a MOID hides the location of an objeechemory, a storage class can only operate on the
memory when the object is pinned. While objects are unpivi@ is free to move or discard them to make the

best possible use of memory. Figure 9 a storage class c&llingn a MOID.

Operation(OID Pin(MOID)
Cs Cm MOM
Location of Data

Figure 9: Cs, Cm and MOM.

The storage class is divided into two parts Cs and Cm. Then"€sistands for semantics. Cs translates the abstract
interface that the storage class provides to clients irdatasses’ internal operations. There is not a Cs portion of a
class on the server. The “m” in Cm stands for memory. The Crpkémck of memory for the class and has several
other responsibilities. The implementation of Cm is clgsscfic. In the most general case, Cm keeps a map from
operations called on the class to their result stored in mgnféor example in the segments class, Cm keeps a map

from OIDs to MOIDs that acts much like a page table.

12
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Figure 10: An example of a fetch.

Figure 10 shows the interactions between a segments cl&saad Cm and MOM. The example follows a fetch
of one object as did Figure 7. This example only shows théfetocess and does not consider interactions outside of

the class which were covered previously.

1. Inresponse to a client read request on an object, Cs ascdssobject in Cm.

2. Cm determines the MOID for the object in MOM, creating ofhére is no entry in its map. Once it has the
MOID it calls pin on the MOID.

3. Inthis case MOM does not contain the necessary memorgtofjbe thread which attempted to pin the MOID
blocks. In another thread, MOM calls an object fault hantighe Cm to retrieve the object.

4. The fault handler makes a call to the classes’ Cm on thes&mget a new copy.
5. The server Cm places a copy of the object in the server MOM.
6. The server MOM moves the memory object into the appropdiént MOM.

7. The thread that attempted to pin the MOID is restarted hadall returns.

In this example of an object fault the client thread blockd@®bServer2 synchronously retrieves the object from
the server. ObServer2 also provides support for prefegchnefetching moves an object into the client's MOM before
the object is explicitly requested. The advantage to pechfeg is that object motion can be done asynchronously in

the background. The client’'s synchronous fetch operatitimet block because the object is already in the cache.

5 6
Cs Cm MOM Client
7

Client thread

1 As A4
e Y
BOSS Threads @7 MOM Server

Figure 11: An example of a prefetch.

There are two different sorts of prefetching. Either theriCm can request objects in advance of their use or
the server can send objects before the client Cm has requibsten. ObServer2 supports both models. The prior

model is useful when an intelligent agent monitors the tkeactivity. An intelligent agent resides in the client Cm.
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When it notices a pattern in the access behavior, it will estjenough objects so that the client can complete the
activity without blocking. The server sends objects in anhenof a request when the objects are clustered together on
secondary storage. A clustering algorithm will reorgarseeondary storage so that objects that are used frequently

together will be stored together. This a global optimizatiecause all clients are effected by the clustering.

Figure 11 shows an example of the server sending clustejedtslvhich have not yet been requested but probably
will be soon. It only shows the movement of the prefectheckctsjand does not show the fetch which initiated this

action because that is the same as the previous example.

1. Before the prefetch begins the client Cm sends some MQiE#t server. These MOIDs act as place holders
in the client’s memory so the server will have somewhere tdhiprefetched objects.

2. When the server determines that it has objects that a deenid use it instructs MOM to move the objects up
to the client's MOM

3. The objects are moved up to the client’s MOM just as theyldibe in a regular fetch.
4. The server informs the client which objects it sent up drddient Cm records this.
5. Sometime later the client requests the object from the Cm.

6. The Cm will notice that the object is already cached.

7. Finally the request will return without blocking.

Memory Object Managers give the storage classes a greabfagbport without restricting their functionality. In
addition to support for object motion, MOMSs provide speeiad buffer management policies so that once objects are

brought into memory the best ones can be kept there. Whest"ten be determined by the class designer.

7 Concurrency Control & Recovery in Detalil

Section 4 discusses the separation of concurrency comirioigovery from the storage class and gives a basic outline
of how it is accomplished in ObServer2. New data structunesagorithms allow ObServer?2 to satisfy its goal of

high performance

The key to performance in ObServer2 is asynchrony in bothneomication and processing. Data structures
implemented on top of the log allow updates to be delayed.-dbdfate copies in the client cache are removed by
sending bundles of invalidation messages asynchronodslgsynchronous, background process assures that updates

are eventually applied and that transaction managemetitrreistructures do not become excessively large.
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7.1 TheDatabasePartition & ThelLog

ObServer2’s novel implementation of the database pamtétial the log allows it to delay writes to the stable store and
recovery quickly after failure. Mapping the log directlyténvirtual memory and a unique implementation of the Log
Sequence Number are the keys to this ability. The LSN and #raary provided by the log are used to build up the
intention records that are used in both concurrency coatrdlrecovery. The database partition is stable storage that
provides classes with extents of stable pages. The clakishioé object abstraction on top of these pages.

OxFFFF Virtual Memory 0x0000

Log
Disk

Figure 12: Mapping the log into virtual memory.

ObServer2 implements a circular log based on a raw disktjgertnapped directly into virtual memory. Mapping
the log keeps pages in the log from being swapped out by Vimamory (double buffering) without explicitly pining
an unpinning each page (Figure 12). Since UNIX does not geogood support for this activity, this mapping provides

both implementation and performance advantages. It dlisawsidirect control of page layout.

The implementation of Log Sequence Numbers takes advanfadjeect mapping to enable fast location of log
records. An LSN is a tuple, where the low order bits encode mong address in the log. Interpreted as an integer
this number strictly increases as the log is written ungllibg wraps around. Our concurrency control algorithm [12]
requires a time stamp that increases strictly over all tino¢,in a piece meal fashion. To correct this, the memory
address is augmented with a count of how many times the logiteggped around. This results in a LSN that consists

of a 32 bit pointer and a 32 bit integer for 64 bits total.

Structures that will not fit in one record are built using kklists. The log stores two collections of lists: the
intentions lists and the update lists. An intentions lisbisted by a transaction’s entry in the transaction tablethad

update list is rooted by an object’s entry in the versiongabl

The version table serves several purposes. An entry in tfsovetable consists of the LSN of the last operation
performed on an object and a flag to support 2-phase comnjit Bdcause this operation could have occurred in a
previous wrap of the log, the entire LSN is stored. The versable must contain an entry for every object whose
stable copy is not up-to-date. During the prepare phasepifeéde commit the version table indicates whether an
operation was invalidated by some transaction which pespaarlier. To accelerate prepare, the version table caches
the LSNSs of other objects in addition to those out-of-datdwéspect to the stable store. These entries can be discarde

at anytime because they can be recovered by reading the Giojecthe stable store.
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The transaction table stores an entry for every active actien. An entry consists of the LSN of the last record
in the log and a flag to indicate the state of the transactionning, prepared, committed, or aborted. Transactions
store three sorts of records in the Idgttention, Prepare, andCommit. An Intention Record begins with a tag that
is followed by a transaction identifier and a pointer to thevjpus intention record for this transaction (See Figure 8)

The remainder of the record contains operations to be pegdton objects.

Transaction Table

T36 | Prepaired struct TTRec{
Transaction TID;

T53 Running | e~

T24 | Commited State enum;

Intensions *IntensionRec;
}

.ﬁ ﬁ struct IntentionRe¢

' L Transaction TID;

VITTE ] operations LITIL ] operations PreviR *IntentionRec;

RI5|S| P R|5|s| ©P Operations OperationRec[[;

3 3N }

Write Ahead Log
Figure 13: Chaining Intention Records

Operation records are stored inside of intention records.operation can be either a read or an update. A read
operation does not change the state of the object. The aperatord stores the OID and the LSN of the copy that
was read. An update operation changes the state of the ol§jectn addition to the OID and the LSN of the object
there need to be some way to transform the old state in to thestade. This can take the form of an operation, a new
value, or a delta. ObServer2 does not restrict this choid¢es choice of how to derive the new value from the old

value and what to log is made on a class by class basis.
v

1 M|X|5| @
2 olyl4] @
3 D|z|3|®

Write Ahead Log
Figure 14: Operations in the Log.
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7.2 Prepare& Commit

In ObServer?2 transactions are serialized in they order phegare. This is the instant which the state of the database
must be consistent with that that the transaction obsef®egpare and commit do not bring the entire database into a

consistent state. That is done sometime later by a backdnouatess.

Figures 6 and 7 show the basic flow of information and contwoly a transaction. The 2-phase commit algorithm

described in [11] describes how to synchronize the senéris section describes what happens within the phases.
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Before a client transaction manager sends a commit recditeteerver it has sent all the intention records. By
the time the server transaction manager begins to prepesasattion all of the operations the transaction performed

will be at the server.

Prepare

if Conflict

In the prepare phase the server transaction manager usearifiiet operation (Section 4) to determine if any operation
from the transaction’s intentions list was invalidated byamsaction which prepared earlier.

then Abort Transaction

The transaction aborts and its intention records are ighof@bServer2 uses a presumed abort variety of 2-phase
commit that does not require an abort be recorded stably. r@¢@rds are not discarded because that might mean
rewriting a portion of the log. The space will be reclaimeddipg cleaning process (Section 7.4).

The client is notified of the abort and must flush all objectsttansaction modified. In addition, the client is notified
of copies that are no longer up-to-date due to an update bh@ntansaction, so it can flush those too and avoid
future aborts.

else Update tables and force a prepare record.

The transaction manager forces a prepare record to thepogtes the transaction table, and updates the version table
All three of these actions occur as an atomic operation veifipect to other prepares. The current implementation
allows many transactions to commit concurrently within evee However, only one transaction prepares at a time, so
atomicity is achieved by default. The transaction tabledsee reflect the current state of the transaction and hold the
LSN of the prepare record. The version table needs to cotitaibSN of the most recent prepared operations for each
object. If the transaction is distributed over multiplev&s, the version table will also note that the modificatias h
only prepared and not yet committed. The prepare recorchamthe LSN of the transaction’s last intention record,
the transaction identifier, and a timestamp used by the 2gbammit process (Figure 15).

endif
End Prepare

Commit

Committing a transaction requires modification of the taplrit does not require atomicity. At commit the versioneasl
modified to reflect that the operations are now committed.tidresaction table notes that the transaction has comnaittedd
stores the LSN of the commit record. The commit record costanly the transaction identifier and the LSN of the prepare
record.

After the transaction commits, the client is notified. Théifieation contains the LSNs of the modified objects. At timeeti
of commit the client has dirty copies of objects. When the L&Nhe latest modification is stored in one of these dirty
objects it becomes a clean copy of a new version of the saneetobj

End Commit

Abort

If a transaction aborts in the second phase of 2-phase cotheitersion table needs to be reverted to its previous atate
the transaction table needs to be updated. An abort recéctisd to the log.
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The client is notified that it must flush all modified objects

End Abort
Tﬁﬁ
I|TIN|O|O[L|A o|o|L PITIL|T ClT|L
RII|I|P|I|S|R oo0 |P|I|S RII|S|S M[I]|S
DL D|N|G D|N EID[N T|D|N

Write Ahead Log

struct PrepareRef struct CommitRed
Transaction TID; Transaction TID;
LastiR *IntentionRec; Prepare *PrepareRec;
Timestamp TS; }
}

Figure 15: A Complete Simple Transaction in the Log

When the server receives an Intention Record, it assigndiS& and places it in buffers that are eventually forced
to the log. Placing an Intention Record in the log does nosedhe log to be forced immediately because it is an
asynchronous operation. Only Prepare and Commit Recoedsyachronous and force the log. The buffers that hold

the intention records are not pinned, so they are writtendioehrlier in case there is a need for more buffer space.
Figure 16 shows an example system with a single class andligras It follows the evolution of an object X

through the stages of a transaction.

Stage 1: The state of X is consistent through out the systdhtopies of X are of version 123.

Stage 2: A client modifies a copy of X. It now contains a dirtpgof version 123.

Stage 3: When the transaction commits, a modification reisopthced in the log at position 254. The version table

is updated to indicate that the most recent version of theablg 254.

Stage 4: After commit, X's new LSN is propagated back to tient! The client now has a clean copy of version 254

rather than a dirty copy of version 123.

At the end of the transaction several copies of X that arelroturrent version still exist. ObServer2 allows this
situation to occur and handles it in other parts of the systEme following sections describe how the other copies are

brought up-to-date.
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Figure 16:
7.3 Cache Coherency

Cache Coherency is very important for high performance,ib@bServer2 it is not required for correctness. This
might seem to be either a contradiction or completely iuaht. However, it is an important design feature. Each
ObServer2 storage class is free to implement whatever @adferency policy is best for its semantics and individual

performance characteristics without regard to correstoeshe policies implemented in other storage classes.

Copies of an object can fall out of date with respect to corredistate. During normal operation a client fetches
some objects into its cache and operates on those objedsrfeg time. To avoid an abort, it is important to observe
the most recent state of an object. This may require brindiagbject up-to-date before a read completes. A client
uses the fetch operation to request a copy of an object freraghver. The pseudo code for the fetch operation at the

server follows.

Fetch(OI D)

Locate Object in Buffer Pool
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Each class implements the best object location system éosalt of objects it supports. This step locates the object
in the buffer pool. If it is not in the pool when the step begimaust be read from disk.

Apply(VersionTable(OID).LSN, Copy)

Apply is called on every object before it is sent to the clieftie Apply operation checks that the copy of the object
has same LSN as that passed in. Otherwise it brings the copy-date.

Move Up Copy to Client Buffer Pool

The up-to-date copy is moved up to the client
End Fetch
Apply(Lsn, Copy)

if Lsn# Copy.Lsn

If the copy has the same LSN as the argument then the corrésypooperation in the log has already been applied to
the object.

then Apply(Lsn.Lsn, Copy)

Otherwise, there is at least one operation that needs togiedpo the object. Apply recurses to determine if there
are other operations that need to be applied. Each modificatithe log contains the LSN of the previous operation.
The arguments to the recursive call are the copy and the L$iegfrevious operation. This is found by dereferencing
the LSN to the operation record in the log and taking the LSixest there.

The Apply operation replays history against the copy. Therafons in the log are sent to the copy in the serial order
determined by the transaction manager. When Apply rettines;opy is ready for the modification corresponding to
Lsn. After the modification is sent to the copy, Copy.Lsn wijual Lsn.

endif

End Apply

Once an object is cached at a client, it is read or written byaasaction without additional communication.
Correctness is guaranteed by a timestamp that is carried) agh each object. ObServer2 informs client caches of
updates asynchronously. In ObServer2, cache coherenoy iequired for correctness because each object is tagged
with a version number. In many systems cache coherency isreghffor correctness and the required synchronous
communication becomes a bottleneck [10]. This allows Ob&@rto construct larger messages containing more

updates and make more efficient use of the network.

ObServer2 informs the clients of updates by periodicalbablicasting recent updates to the Version Table. Sending
recent changes to the Version Table requires little worlhatserver, especially if there is a broadcast or multicast
communications protocol available. The clients can qyigkbcess the table to determine if any objects need to be

flushed or refetched.
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7.4 Background Processing

The architecture of ObServer2 pushes as much processiodghiatbackground as possible. Surprisingly the two
background processes are quite simple. One process apptiaeses in the log to the database partition and the other

sends update notification to the clients.

There are actually several process which perform this @pulatification process. There is one update notification
process per storage class, since each class may wish tehhizdlask in a different way. The basic function of these
different process is the same. One possible implementafitimee update process would select the relevant updates
from the version table and send them to the appropriatetsligsulting in a cache invalidation scheme. Another

implementation could select relevant updates from thehafarward those resulting in a update propagation scheme.

Several issues have yet to be resolved with the design apiiesented thus far. The circular log could fill up,
causing transactions to be aborted. The Version Table dzeddme so large that it infringes on the buffer pool and
needs to be paged. The number of updates that need to bedafapdie object before it is sent to a client could grow
large and cause delays. These are all related problems. disel Table only needs to keep an entry for an object
whose stable state is not up-to-date with its committec stherefore, no work needs to be done to the object on a
read if there is not an entry in the Version Table. Operationst be kept in the log until they are applied to the stable

store. An object whose stable state is out-of-date is paintonsuming log space that could be reclaimed.

The Application Process corrects these problems by applyperations in the log to stable storage. It chooses
which operations to apply based on an Application Pointdne Rpplication Pointer is an LSN that satisfies the
invariant that any operation with a lower LSN is reflected tiabde storage. The Application Process scans forward
from the Application Pointer looking for the oldest opesation an object with an entry in the Version Table. If there
is an entry in the Version Table, it is possible that this afien has not been applied to stable storage. It then checks
the LSN of the object and brings it up-to-date if necessaryieivthe object has made it back to stable storage, the

Application Pointer moves forward.

Applying the operation reduces the amount of work that néztle done on a read and frees that slot in the Version
Table correcting two of the above problems. The third prnobialso corrected because the Application Pointer is an

upper bound on the tail of the log, so by moving the ApplicatRminter forward, space in the log is effectively freed

up.

Figure 17 continues the example of an object in the servee prhvious part of the example left off when the
client that modified X had been informed of X’s new LSN, 254 isTéxample follows the new copy of X to the other

clients into the stable store and out of the log.

Stage 5: The server broadcasts recent modifications to tiseudable to clients. When the second client notices a

change to X, it has a choice of bringing X up-to-date or didiay it. In this case the client chose to discard the
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Figure 17:

out of date copy and request a new copy from the server.

Stage 6: The second client calls fetch on the server. Thesapdates its copy of X. The buffer manager notes that
the copy has been updated and moves that copy into the cadhe sécond client. Now both clients have
up-to-date copies and the server cache has an up-to-dateedphe database partition still has an out-of-date

copy. This is not a problem in ObServer2.

Stage 7: The stable copy is brought up-to-date when thehmtie@ager at the server decides that the space could be
put to a better use. The buffer manager knows that this copyoirg recent than the copy in stable storage, so

rather than discarding it, it writes that copy back to theesto

Stage 8: Now thatthe stable copy is up-to-date the versida isinot required to keep an entry for X and the operation

record in the log can be discarded.
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8 Reated Research

This section compares ObServer2 to other object and pagerseextensible databases, and distributed file systems.
There are a number of other systems that serve objects os.palgese include Mneme [15], ESM [4], and the original

ObServer [13]. Postgres [18] and Starburst [9] are two estbéa relational database systems. Object servers draw
from file system technology for persistent storage and cacherency. The section closes with a comparison between

ObServer2 and the Andrew File System [8], the Harp repliclle system [7], and a Log Structured File System [17].

8.1 Object & Page Servers

The basic service ObServer2 provides is transactionalastbpr persistent objects in a distributed client-server
environment. There are two different sorts of systems whidvide this service, page servers and object servers.
Both of these systems differ from traditional databaseiapfibns in that the data is moved into a client’s work space,
operated on for some time, and then returned. A traditioatlthse sends an operation to the database, the operation

is performed locally, and then the result is returned.

Page servers act much like a file system. Pages are providédrits and updates are performed directly on those
pages. An advantage of such a system is that a data refeseaadirect address and locating the appropriate page is
very simple. Since the page is a fixed size unit, it is very $nbp move it from the server to the client. Page servers
require that applications implement object abstractiantop of the raw pages which leads to some problems. Since
a reference to an object is a direct address it is difficultrtmigor move an object. Also, concurrency control is based

on the physical layout of the data, not on the semantics ofpieeation that read or modified the data.

Object servers correct many of these problems by mappinglijeets directly into storage objects. Concurrency
control can be done at the object level, so updates to digibjects do not cause false aborts. Further, an object store
takes advantage of semantics of operations, so that cemtwperations which do not conflict semantically do not
cause unnecessary aborts. In an object store the identtyalject is fully independent of its value, size, or locafio
so that an object can grow or move easily. It is easier to movabgect in an Object store because object identity is

independent of object location. This comes at the cost cfdddmplexity in dereferencing an object.

ObServer [13], the precursor to ObServer2, introducedrak¥eatures: semantic clustering of related objects,
a novel lock set for cooperative work, and a notification eystvhich also supports cooperative work. ObServer2
improves on ObServer in the areas of distribution, extelitsitand performance. ObServer offered only multi-clien
single-server distribution. There was some work done tddgether multiple servers, but it lacked correctness
guarantees. The storage class facility allows ObServeexdtve to handle new application domains. Much of the
functionality that ObServer offered is encapsulated in stoeage class within ObServer 2. The ability to add new

storage structures allows ObServer2 to be specializeddbrgerformance on specific applications.
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The Exodus Storage Manager (ESM) [4], a page server dewlaipd/isconsin, provides support for values and
indices. It generalizes the Aries Transaction Recoverye®y$3] to operate in the client-server model. Aries uses the
concept of a Log Sequence Number to reduce the time that arilaskbe held and facilitate recovery in a pessimistic
system. The Aries implementation of a Log Sequence Numtmiffesent from that presented here, but the concept is
basically the same. The LSN is a strictly increasing addrgeghe log. The ObServer2 implementation allows faster

access to a record in the log by using memory mapping.

Wisconsin simulations show that caching locks across aetiens significantly improves performance. The benefit
of lock caching is that clients can keep data across traiesgmbundaries and access that data without having to suffer
round trip communication delay to the server. The ObSeraky@rithm allows clients to keep objects for an indefinite
amount of time without accessing the server. ESM requinesntd to remain in contact with a server in order to
keep data cached. As clients perform more optimizing teansdtions on data in the cache and architectures become

heterogeneous, caching for periods longer than a sing@sewith a server becomes more of an advantage.

More recent simulations confirm that caching for long pesiad time on the client workstation can improve
performance?]. The ObServer2 storage class mechanism serves as a teghiobdllows new memory management

policies to be experimented in the context of an operatinglusse.

The Mneme Persistent Object Store [15] explores the intiegraf an object store with a persistent programming
language. It provides a persistent heap of objects that\aiable in a distributed system. The object model for
Mneme is fixed, but it does offer some support for speciallagifiering policies. A general policy is called a strategy
and an instantiation of a strategy is called a pool. For exangstrategy might be LRU paging and a specific pool

might be an LRU cache with 2000 elements. Every object ba¢ém@ pool and this pool can change.

The strategy intends to provide specialized support fdediht classes of objects as does the ObServer2 storage
class. The storage class is more powerful than the strataggny ways. The storage class provides not only different
buffering policies, but different storage structures abpkot location methods. Perhaps the most important differe
is that an ObServer2 storage class actually extends ther@3anterface. Completely new access methods can
be added to the object store. These new access methods cadiffakent abstract interfaces and ObServer2 takes

advantage of the concurrency semantics of this interface.

Mneme is intended to be a layer between an object store andJ@BOIt does not provide recovery. Mneme
semantics could possibly be provided by on storage class @lEServer2 configuration. This would provide the
benefits of a Mneme system and in addition recovery and thiéabildy of other storage classes for specialized

purposes.

Camelot [6] is another system that could be classified as a payer, but with a slightly different computation
model. Camelot provides the abstraction of persistenti@imnemory to data servers that run on the same node as

the persistent data is stored. A Camelot server node mufgrpesll disk I/O and computation associated with a
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transaction. The ObServer2 model allows clients to openateemote machines. A specialized server can handle all
disk operations. Clientworkstationswith large main meiemand fast CPUs cache their data and perform computation

locally instead of using an RPC call to a remote server foryegemputation.

Camelot offers a several choices for logging. A data seraer ahoose either local or remote logging. Each
transaction can choose either new value, old value or newevahly logging. Recovery is facilitated by LSNs
somewhat similar to ObServer2. Camelot uses a structuegicdhe grid” that is similar to the update and intentions
list in ObServer2. However there is a major difference. Tieen€lot “grid” an index structure stored in volatile
memory and must be reconstructed after a failure. The upadaténtentions lists in ObServer2 are stored persistently

in the log and do not need to be recovered after a failure.

The Avalon [6] language uses Camelot to provide a persi€tent Because Camelot provides only persistent
virtual memory, the semantics of the objects implemente@valon are lost at the persistence layer. ObServer2
captures semantics within the persistence layer to allavgfiecial memory management policies or type specific

concurrency control.

8.2 Extended Relational

Starburst [9] extends relational databases in five aredsrret data storage, storage management, access methods,
abstract types, and complex objects. Many of the issuesSthaburst address are at the data model level and should
be compared to an OODB, not to an object store. Abstract tyqmemplex objects, and most of the access methods
fall into this category. The one category of access methadithcomparable within ObServer2 are what Starburst
calls “exogenous” access methods. This name refers to haxa 8t adds new functionality. It allows specialized
components to be added “on the side” of a conventional dagakgstem. These components will be “called as they
are needed directly from within components of the primastay.” “An ‘exogenous’ access method is one for which

the data structure used to store access information is noagea by the primary database system.”

This differs from the ObServer2 architecture which is deseijto add new functionality in a new storage class. In
ObServer2 the storage class can define its own storage lagydwccess methods as Starburst allows. In addition, an
ObServer?2 storage class can define its concurrency coefrirgtics at the level of the operations it supports rather
than at the level of physical storage. We exploit the corenay semantics of these operations. A new ObServer2
storage class actually extends the ObServer2 interfade avitew ADT. The storage class implementor has exact

control over whether parts of the abstraction are built up@tlient or the server.

The goals of the Postgres Storage Manager are instantaremery, historical access, and utilization of new
technology [18]. Postgres provides a linear history anovedl more than one version of an object to be viewed in
a transaction. Since Postgres keeps the entire history @§ alata, the recovery system differs from conventional

systems. It provides instantaneous recovery without usingentional write ahead logging (WAL) or disk shadowing.
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Their algorithm requires large amounts of Non-volatilemaemory to perform as well as WAL for normal processing.
ObServer2’s NR-WAL performs as well as WAL during normal gessing and offers instantaneous recovery without

the requirement of large amounts of non-volatile memory.

8.3 FileSystems

A page server is very close to a file system with added supppottdnsactions. Two interesting developments in file

systems that influence ObServer2, the Sprite Log Struckitecbystem (LFS) and the Andrew File System (AFS).

LFS is interesting because it shows the feasibility of regdiom a log given a reasonable cache. ObServer2 uses
this facility to delay writes to the stable store. LFS [17Eke all data in a log, significantly reducing the cost of a
write. The disadvantage of a log is that it cannot be accegaakly. A large RAM cache contains all the access
structures to find data in the log and the most recently ustal damajor overhead cost in LFS is keeping the file
location information stable because it is constantly civamgIn an object store the problem would be even worse

because of the finer granularity of naming. Also, garbagkectbn is much more complex than segment compaction.

AFS is interesting for its distribution properties. AFS 338} is a distributed file system that serves a similar
purpose to Sun’s NFS. However, the scale of the distributetém that AFS can operate within is much larger than
Sun’s NFS. NFS was meant to operate within a single orgdaizatvhile AFS can handle global distribution. One
interesting feature of AFS that ObServer2 shares is noati®ctlient caching. Data can be cached on a client’s local
disk for extended periods of time. Cache coherency becorpestdem when caching data for long periods of time.
AFS introducectall back locking which caches locks as well as data at clients. Franklin [h@jas that this is a
desirable protocol for database systems as well. Failesecproblems with consistency when locks are cached.
AFS solves this problem by using locks that expire after d kredwn period of time. ObServer2 does not require that
the cache be kept perfectly coherent. The version numbeciased with each object will indicate whether the object

is up-to-date, so ObServer2 can tolerate failures with nytspecial means.
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