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I ntroduction

The maturation of database management system (DBMS) technology has coincided with significant devel-
opmentsin distributed computing and parallel processing technologies. The end result is the emergence of
distributed database management systemsand par allel database management systems. These systems
have started to become the dominant data management tools for highly data-intensive applications.

Theintegration of workstationsin a distributed environment enables a more efficient function distribu-
tion in which application programs run on workstations, called application servers, while database functions
are handled by dedicated computers, caled database servers. This has led to the present trend in dis-
tributed system architecture, where sites are organized as specialized servers rather than as general -purpose
computers.

A parald computer, or multiprocessor, is itself a distributed system made of a number of nodes
(processorsand memories) connected by afast network withinacabinet. Distributed databasetechnology can
be naturally revised and extended to implement parallel database systems, i.e., database systemson parallel
computers [DeWitt and Gray, 1992, Vaduriez, 1993]. Paralel database systems exploit the paralelismin
data management [Boral, 1988] in order to deliver high-performance and high-availability database servers
at amuch lower price than equivalent mainframe computers [DeWitt and Gray, 1992, Valduriez, 1993].

In this paper, we present an overview of the distributed DBMS and parallel DBMS technologies,
highlight the unique characteristics of each, and indicate the similarities between them. This discussion
should help establish their unique and complementary roles in data management.

Underlying Principles

A distributed database (DDB) is a collection of multiple, logically interrelated databases distributed over
a computer network. A distributed database management system (distributed DBMYS) is then defined as
the software system that permits the management of the distributed database and makes the distribution
transparent to theusers [Ozsu and Valduriez, 1991a]. These definitions point to two identifying architectural
principles. Thefirst is that the system consists of a (possibly empty) set of query sites and a non-empty
set of datasites. The data sites have data storage capability while the query sites do not. The latter only
run the user interface routines in order to facilitate the data access at data sites. The second is that each
site (query or data) is assumed to logically consist of a single, independent computer. Therefore, each
site has its own primary and secondary storage, runs its own operating system (which may be the same
or different at different sites), and has the capability to execute applications on its own. The sites are
interconnected by a computer network rather than amultiprocessor configuration. The important point here
is the emphasis on loose interconnection between processors which have their own operating systems and
operate independently.




The database is physically distributed across the data sites by fragmenting and replicating the data
[Ceri et al., 1987]. Given arelational database schema, fragmentation subdivides each relation into hori-
zontal or vertical partitions. Horizontal fragmentation of arelation isaccomplished by a selection operation
which places each tuple of the relation in a different partition based on a fragmentation predicate (e.g., an
Enpl oyee relation may befragmented according to thelocation of the employees). Vertica fragmentation,
divides arelation into a number of fragments by projecting over its attributes (e.g., the Enpl oyee relation
may be fragmented such that the Enp _nunber , Enp_namne and Addr ess informationisin one fragment,
and Enp_nunber , Sal ar y and Manager informationisinanother fragment). Fragmentationisdesirable
because it enables the placement of data in close proximity to its place of use, thus potentialy reducing
transmission cost, and it reduces the size of relationsthat are involved in user queries.

Based on the user access patterns, each of the fragments may also bereplicated. Thisis preferable when
the same data are accessed from applications that run at a number of sites. In this case, it may be more
cost-effective to duplicate the data at a number of sites rather than continuously moving it between them.

When the above architectural assumptions of a distributed DBMS are relaxed, one gets a parallel
database system. The differences between aparallel DBM S and a distributed DBM S are somewhat unclear.
In particular, shared-nothing parallel DBMS architectures, which we discuss below, are quite similar to
the loosely interconnected distributed systems. Parallel DBMSs exploit recent multiprocessor computer
architecturesin order to build high-performance and high-avail ability database servers at a much lower price
than equivalent mainframe computers.

A pardlel DBMS can be defined as a DBM S implemented on a multiprocessor computer. Thisincludes
many alternatives ranging from the straightforward porting of an existing DBMS, which may require only
rewriting the operating system interface routines, to a sophisticated combination of parallel processing and
database system functions into a new hardware/software architecture. As aways, we have the traditional
trade-off between portability (to several platforms) and efficiency. The sophisticated approach isbetter able
to fully exploit the opportunities offered by a multiprocessor at the expense of portability.

The solution, therefore, isto use large-scale parallelism to magnify the raw power of individua compo-
nents by integrating thesein a compl ete system a ong with the appropriate parallel database software. Using
standard hardware componentsis essentia in order to exploit the continuing technological improvements
with minimal delay. Then, the database software can exploit the three forms of paralelism inherent in data-
intensive application workloads. I nter-query parallelism enablesthe parallel execution of multiplequeries
generated by concurrent transactions. Intra-query parallelism makes the parallel execution of multiple,
independent operations (e.g., select operations) possiblewithin the same query. Both inter-query and intra-
guery parallelism can be obtained by using data partitioning, which is similar to horizontal fragmentation.
Finally, with intra-operation parallelism, the same operation can be executed as many sub-operations
using function partitioning in addition to data partitioning. The set-oriented mode of database languages
(e.g., SQL) provides many opportunitiesfor intra-operation parallelism.

There are anumber of identifying characteristics of the distributed and parallel DBM S technol ogy.

1. Thedistributed/parallel database is a database, not some “collection” of files that can be individually
stored at each node of a computer network. This isthe distinction between a DDB and a collection
of files managed by a distributed file system. To form a DDB, distributed data should be logicaly
related, where the relationship is defined according to some structural formalism (e.g., the relational
model), and access to data should be at a high level viaa common interface.

2. The system has the full functionality of a DBMS. It is neither, as indicated above, a distributed file
system, nor isit atransaction processing system. Transaction processing is only one of the functions
provided by such a system, which aso provides functions such as query processing, structured
organization of data, and others that transaction processing systems do not necessarily deal with.



3. The distribution (including fragmentation and replication) of data across multiple site/processorsis
not visible to the users. Thisis called transparency. The distributed/parallel database technology
extends the concept of dataindependence, which is a central notion of database management, to
environments where data are distributed and replicated over a number of machines connected by a
network. Thisis provided by severa forms of transparency: network (and, therefore, distribution)
transparency, replication transparency, and fragmentation transparency. Transparent access means
that users are provided with a single logical image of the database even though it may be physically
distributed, enabling them to access the distributed database as if it were a centralized one. In its
ideal form, full transparency would imply aquery languageinterface to the distributed/parallel DBM S
which is no different from that of a centralized DBMS.

Transparency concerns are more pronounced in the case of distributed DBMSs. There are a two
fundamental reasons for this. First of al, the multiprocessor system on which a paralel DBMS is
implemented is controlled by a single operating system. Therefore, the operating system can be
structured to implement some aspects of DBM S functionality thereby providing some degree of trans-
parency. Secondly, software development on parallel systemsis supported by parallel programming
languages which can provide further transparency.

In adistributed DBMS, data and the applicationsthat access that data can be localized at the same site,
eliminating (or reducing) the need for remote data access that istypical of tel eprocessing-based timesharing
systems. Furthermore, since each site handles fewer applications and a smaller portion of the database,
contention for resources and for data access can be reduced. Finally, the inherent parallelism of distributed
systems provides the possibility of inter-query parallelism and intra-query parallelism.

If the user access to the distributed database consists only of querying (i.e., read-only access), then
provision of inter-query and intra-query parallelism would imply that as much of the database as possible
should be replicated. However, since most database accesses are not read-only, the mixing of read and
update operations requires support for distributed transactions (as discussed in alater section).

Higher performance is probably the most important objective of paralel DBMSs. In these systems,
higher performance can be obtained through several complementary solutions: database-oriented operating
system support, parallelism, optimization, and load balancing. Having the operating system constrained
and “aware” of the specific database requirements (e.g., buffer management) simplifiesthe implementation
of low-level database functions and therefore decreases their cost. For instance, the cost of a message
can be significantly reduced to a few hundred instructions by specializing the communication protocol.
Parallelism can increase throughput (using inter-query parallelism) and decrease transaction response times
(using intra-query and intra-operation parallelism).

Distributed and parallel DBM Ss are intended to improve reliability, since they have replicated compo-
nents and thus eliminate single points of failure. The failure of asingle site or processor, or the failure of a
communication link which makes one or more sites unreachable, is not sufficient to bring down the entire
system. This means that athough some of the data may be unreachable, with proper system design users
may be permitted to access other parts of the distributed database. The “proper system design” comesin
the form of support for distributed transactions. Providing transaction support requires the implementation
of distributed concurrency control and distributed reliability (commit and recovery) protocols, which are
reviewed in alater section.

In adistributed or parale environment, it should be easier to accommodate increasing database sizes
or increasing performance demands. Magjor system overhauls are seldom necessary; expansion can usualy
be handled by adding more processing and storage power to the system.

Idedlly, aparallel DBM S(and to alesser degreeadistributed DBM S) should demonstratetwo advantages:
linear scaleup and linear speedup. Linear scaleup refers to a sustained performance for alinear increase
in both database size and processing and storage power. Linear speedup refers to a linear increase in
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performancefor aconstant database size, and alinear increasein processing and storage power. Furthermore,
extending the system should require minimal re-organization of the existing database.

The price/performance characteristics of microprocessors and workstations make it more economical
to put together a system of smaller computers with the equivalent power of a single big machine. Many
commercial distributed DBM Ss operate on minicomputers and workstations in order to take advantage of
their favorable price/performance characteristics. The current reliance on workstation technology has come
about because most of the commercia distributed DBM Ss operate within local area networks for which
the workstation technology is most suitable. The emergence of distributed DBMSs that run on wide-area
networks may increase the importance of mainframes. On the other hand, future distributed DBM Ss may
support hierarchical organizations where sites consist of clusters of computers communicating over aloca
area network with a high-speed backbone wide area network connecting the clusters.

Distributed and Parallel Database Technology

Distributed and parallel DBM Ss provide the same functionality as centralized DBM Ss except in an environ-
ment where dataisdistributed across the sites on a computer network or across the nodes of a multiprocessor
system. As discussed above, the users are unaware of data distribution. Thus, these systems provide the
users with alogically integrated view of the physically distributed database. Maintaining this view places
significant challenges on system functions. We provide an overview of these new challengesin this section.
We assume familiarity with basic database management techniques.

Architectural | ssues

There are many possible distribution aternatives. The currently popular client/server architecture
[Orfali et a., 1994], where anumber of client machines access a single database server, isthe most straight-
forward one. In these systems, which can be called multiple-client/single-server, the database management
problemsare considerably simplified since the database is stored on asingle server. The pertinent issuesre-
late to the management of client buffers and the caching of dataand (possibly) locks. The data management
isdone centrally at the single server.

A more distributed and more flexible architecture is the multiple-client/multipleserver architecture
where the database is distributed across multiple servers which have to communicate with each other in
responding to user queries and in executing transactions. Each client machine has a “home” server to
which it directs user requests. The communication of the servers among themselves is transparent to the
users. Most current database management systems implement one or the other type of the client-server
architectures.

A truly distributed DBM S does not distinguish between client and server machines. Ideally, each site
can perform the functionality of a client and a server. Such architectures, called peer-to-peer, require
sophisticated protocols to manage the data distributed across multiple sites. The complexity of required
software has delayed the offering of peer-to-peer distributed DBM S products.

Parallel system architectures range between two extremes, the shar ed-nothing and the shared-memory
architectures. A useful intermediate point isthe shared-disk architecture.

In the shared-nothing approach, each processor has exclusive access to itsmain memory and disk unit(s).
Thus, each node can be viewed as alocal site (with its own database and software) in a distributed database
system. The difference between shared-nothing parallel DBMSs and distributed DBM Ss is basically one
of implementation platform, therefore most solutions designed for distributed databases may be re-used in
parallel DBMSs. In addition, shared-nothing architecture has three main virtues: cost, extensibility, and
availability. On the other hand, it suffers from higher complexity and (potential) load balancing problems.




Examples of shared-nothing parallel database systems include the Teradata’'s DBC and Tandem’s Non-
StopSQL productsaswell asanumber of prototypessuch asBUBBA [Boral et a., 1990], EDS[EDS, 1990],
GAMMA [DeWitt et a., 1990], GRACE [Fushimi et al., 1986], PRISMA [Aperset a., 1992] and ARBRE
[Lorieet d., 1989].

In the shared-memory approach, any processor has access to any memory module or disk unit through
afast interconnect (e.g., a high-speed bus or a cross-bar switch). Several new mainframe designs such
as the IBM3090 or Bull’s DPS8, and symmetric multiprocessors such as Sequent and Encore, follow this
approach. Shared-memory has two strong advantages: simplicity and load balancing. These are offset by
three problems: cost, limited extensibility, and low availability.

Examples of shared-memory parallel database systemsinclude XPRS [Stonebraker et a., 1988], DBS3
[Bergsten et al., 1991], and Volcano [Graefe, 1990], as well as portings of mgjor RDBMSs on shared-
memory multiprocessors. In asense, theimplementation of DB2 on an IBM 3090 with 6 processors wasthe
first example. All the shared-memory commercid products (e.g., INGRES and ORACLE) today exploit
inter-query parallelism only (i.e., no intra-query parallelism).

In the shared-disk approach, any processor has access to any disk unit through the interconnect, but
exclusive (non-shared) access to its main memory. Each processor can then access database pages on the
shared disk and copy them into its own cache. To avoid conflicting accesses to the same pages, global
locking and protocols for the maintenance of cache coherency are needed. Shared-disk has a number of
advantages. cost, extensibility, load balancing, availability, and easy migration from uniprocessor systems.
On the other hand, it suffers from higher complexity and potentia performance problems.

Examples of shared-disk parallel DBMSincludeIBM’s IMS/V S Data Sharing product and DEC's VAX
DBMS and Rdb products. Theimplementation of ORACLE on DEC’'s VA Xcluster and NCUBE computers
also uses the shared-disk approach since it requires minimal extensions of the RDBM S kernel. Note that all
these systems exploit inter-query paralelism only.

Query Processing and Optimization

Query processing isthe process by which adeclarative query istranslated into low-level data manipulation
operations. SQL isthe standard query language that is supported in current DBM Ss. Query optimization
refers to the process by which the “best” execution strategy for a given query isfound from among a set of
alternatives.

Incentralized DBM Ss, the processtypically involvestwo steps: query decompositionand query optimization.
Query decomposition takes an SQL query and translates it into one expressed in relational algebra. 1n the
process, the query is analyzed semantically so that incorrect queries are detected and rejected as easily as
possible, and correct queries are simplified. Simplification involves the elimination of redundant predicates
which may be introduced as a result of query modification to deal with views, security enforcement and
semantic integrity control. The simplified query is then restructured as an algebraic query.

For a given SQL query, there are more than one possible algebraic queries. Some of these agebraic
gueries are “better” than others. The quality of an algebraic query is defined in terms of expected perfor-
mance. Thetraditional procedureisto obtain an initial algebraic query by translating the predicates and the
target statement into relational operations as they appear in the query. Thisinitial algebraic query is then
transformed, using agebraic transformation rules, into other algebraic queries until the“best” oneisfound.
The“best” algebraic query is determined according to a cost function which cal cul ates the cost of executing
the query according to that algebraic specification. Thisisthe process of query optimization.

In distributed DBM Ss, two more steps are invol ved between query decomposition and query optimiza-
tion: datalocalization and globa query optimization.

The input to datalocalization is the initial algebraic query generated by the query decomposition step.
Theinitial agebraic query isspecified on global relationsirrespective of their fragmentation or distribution.




Themain role of datalocalization isto localize the query’s data using data distribution information. In this
step, the fragmentswhich are involvedin the query are determined and the query istransformed into one that
operates on fragments rather than global relations. As indicated earlier, fragmentation is defined through
fragmentation rules which can be expressed as relational operations (horizontal fragmentation by selection,
vertical fragmentation by projection). A distributed relation can be reconstructed by applying theinverse of
the fragmentation rules. Thisis called alocalization program. The localization program for a horizontally
(vertically) fragmented query is the union (join) of the fragments. Thus, during the data localization step
each global relation is first replaced by its locaization program, and then the resulting fragment query is
simplified and restructured to produce another “good” query. Simplification and restructuring may be done
according to the samerules used in the decomposition step. Asin the decomposition step, thefinal fragment
guery is generaly far from optimal; the process has only eliminated “bad” algebraic queries.

The input to the third step is a fragment query, that is, an algebraic query on fragments. The goal of
guery optimization isto find an execution strategy for the query which is close to optima. Remember that
finding the optimal solutioniscomputationally intractable. An execution strategy for adistributed query can
be described with relational algebra operations and communication primitives (send/receive operations) for
transferring data between sites. The previous layers have aready optimized the query — for example, by
eliminating redundant expressions. However, this optimization is independent of fragment characteristics
such ascardinalities. In addition, communication operationsare not yet specified. By permuting theordering
of operations within one fragment query, many equivalent query execution plans may be found. Query
optimization consists of finding the “best” one among candidate plans examined by the optimizer!. The
guery optimizer is usually seen as three components. a search space, a cost model, and a search strategy.
The search space is the set of alternative execution plans to represent the input query. These plans are
equivalent, in the sense that they yield the same result but they differ on the execution order of operations
and the way these operations are implemented. The cost model predicts the cost of a given execution plan.
To be accurate, the cost model must have accurate knowledge about the parallel execution environment.
The search strategy explores the search space and selects the best plan. It defines which plansare examined
and in which order.

In adistributed environment, the cost function, often defined in terms of time units, refers to computing
resources such as disk space, disk 1/Os, buffer space, CPU cost, communication cost, and so on. Generally,
it is aweighted combination of 1/0, CPU, and communication costs. Nevertheless, atypical simplification
made by distributed DBM Ssis to consider communication cost as the most significant factor. Thisisvalid
for wide area networks, where the limited bandwidth makes communication much more costly thanitisin
local processing. To select the ordering of operationsit isnecessary to predict execution costs of aternative
candidate orderings. Determining execution costs before query execution (i.e., static optimization) is based
on fragment statistics and the formulas for estimating the cardinalities of results of relational operations.
Thusthe optimization decisionsdepend ontheavail abl e stati sticson fragments. Animportant aspect of query
optimizationisjoin ordering, since permutations of the joins within the query may lead to improvements of
severa orders of magnitude. One basic technique for optimizing a sequence of distributed join operations
isthrough use of the semijoin operator. The main value of the semijoin in a distributed systemisto reduce
the size of the join operands and thus the communication cost. However, more recent techniques, which
consider local processing costs as well as communication costs, do not use semijoins because they might
increase local processing costs. The output of the query optimization layer is an optimized algebraic query
with communication operations included on fragments.

Paralel query optimization exhibits similarities with distributed query processing. It takes advantage
of both intra-operation parallelism, which was discussed earlier, and inter-operation parallelism.

The difference between an optimal plan and the best plan isthat the optimizer does not, becauseof computational intractability,
examine all of the possible plans.



Intra-operation parallelism is achieved by executing an operation on several nodes of a multiprocessor
machine. This requires that the operands have been previously partitioned, i.e., horizontally fragmented,
across the nodes. The way in which abase relation is partitioned is a matter of physical design. Typically,
partitioning is performed by applying a hash function on an attribute of the relation, which will often be the
join attribute. The set of nodeswhere arelation isstored is called itshome. The home of an operationisthe
set of nodeswhereit is executed and it must be the home of its operandsin order for the operation to access
its operands. For binary operations such as join, this might imply repartitioning one of the operands. The
optimizer might even sometimesfind that repartitioning both the operandsisuseful. Parallel optimizationto
exploit intra-operation parallelism can make use of some of the techniques devised for distributed databases.

Inter-operation parallelism occurs when two or more operations are executed in paralel, either as
a dataflow or independently. We designate as dataflow the form of parallelism induced by pipelining.
Independent parallelism occurs when operations are executed at the same time or in arbitrary order. Inde-
pendent parallelism is possible only when the operations do not involve the same data.

Concurrency Control

Whenever multipleusersaccess (read and write) ashared database, these accesses need to be synchronized to
ensuredatabase consistency. The synchronizationisachieved by meansof concurrency control algorithms
which enforceacorrectnesscriterion such as serializability. User accesses are encapsul ated astransactions
[Gray, 1981], whose operations at the lowest level are a set of read and write operations to the database.
Concurrency control algorithms enforce the isolation property of transaction execution, which states that
the effects of one transaction on the database are isolated from other transactions until the first completes
its execution.

The most popular concurrency control algorithms are locking-based. In such schemes, alock, in either
shared or exclusive mode, isplaced on some unit of storage (usually apage) whenever atransaction attempts
to access it. These locks are placed according to lock compatibility rules such that read-write, write-read,
and write-write conflicts are avoided. It isawell known theorem that if lock actions on behalf of concurrent
transactions obey a simple rule, then it is possible to ensure the seridizability of these transactions: “No
lock on behalf of a transaction should be set once a lock previously held by the transaction is released.”
This is known as two-phase locking [Gray, 1979], since transactions go through a growing phase when
they obtain locks and a shrinking phase when they release locks. In general, releasing of locks prior to the
end of atransaction is problematic. Thus, most of the locking-based concurrency control agorithms are
gtrict in that they hold on to their locks until the end of the transaction.

In distributed DBM Ss, the challenge isto extend both the serializability argument and the concurrency
control algorithms to the distributed execution environment. In these systems, the operations of a given
transaction may execute at multiple siteswhere they access data. In such a case, the serializability argument
ismoredifficult to specify and enforce. The complication isdueto the fact that the serialization order of the
same set of transactions may be different at different sites. Therefore, the execution of a set of distributed
transactionsis serializableif and only if

1. the execution of the set of transactions at each siteis serializable, and

2. the serialization orders of these transactions at all these sites are identical.

Distributed concurrency control agorithmsenforce thisnotion of global serializability. 1nlocking-based
algorithmsthere are three alternative ways of enforcing global serializability: centralized locking, primary
copy locking, and distributed locking algorithm.

In centralized locking, there is a single lock table for the entire distributed database. This lock table
is placed, at one of the sites, under the control of a single lock manager. The lock manager is responsible
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for setting and releasing locks on behalf of transactions. Since all locks are managed at one site, thisis
similar to centralized concurrency control and it is straightforward to enforce the global seriaizability rule.
These algorithms are simple to implement, but suffer from two problems. The centra site may become a
bottleneck, both because of the amount of work it is expected to perform and because of the traffic that is
generated around it; and the system may belessreliable since thefailure or inaccessibility of the central site
would cause system unavailability.

Primary copy locking is a concurrency control algorithm that is useful in replicated databases where
there may be multiple copies of a data item stored at different sites. One of the copies is designated as
a primary copy and it is this copy that has to be locked in order to access that item. The set of primary
copiesfor each dataitem is known to all the sites in the distributed system, and the lock requests on behal f
of transactions are directed to the appropriate primary copy. If the distributed database is not replicated,
copy locking degenerates into a distributed locking a gorithm. Primary copy locking was proposed for the
prototype distributed version of INGRES.

In distributed (or decentralized) locking, the lock management duty is shared by all the sites in the
system. The execution of a transaction involves the participation and coordination of lock managers at
more than one site. Locks are obtained at each site where the transaction accesses a dataitem. Distributed
locking algorithms do not have the overhead of centralized |ocking ones. However, both the communication
overhead to obtain al the locks, and the complexity of the algorithm are greater. Distributed locking
algorithms are used in System R* and in NonStop SQL.

One side effect of all locking-based concurrency control algorithmsis that they cause deadlocks. The
detection and management of deadlocks in a distributed system is difficult. Nevertheless, the relative
simplicity and better performance of locking agorithms make them more popular than aternatives such
as timestamp-based agorithms or optimistic concurrency control. Timestamp-based agorithms execute
the conflicting operations of transactions according to their timestamps which are assigned when the
transactions are accepted. Optimistic concurrency control agorithmswork from the premise that conflicts
among transactions are rare and proceed with executing the transactions up to their termination at which
point avalidation is performed. If the validation indicates that serializability would be compromised by the
successful completion of that particular transaction, then it is aborted and restarted.

Reliability Protocols

We indicated earlier that distributed DBMSs are potentially more reliable because there are multiples of
each system component, which eliminates single points of failure. Thisrequires careful system design and
the implementation of a number of protocolsto deal with system failures.

In a distributed DBMS, four types of failures are possible: transaction failures, site (system) failures,
media (disk) failuresand communication line failures. Transactionscanfail for anumber of reasons. Failure
can be dueto an error in the transaction caused by input data, aswell asthe detection of apresent or potential
deadlock. The usua approach to take in cases of transaction failure isto abort the transaction, resetting the
database to its state prior to the start of the database.

Site (or system) failures are due to a hardware failure (eg, processor, main memory, power supply) or
a software failure (bugs in system or application code). The effect of system failures is the loss of main
memory contents. Therefore, any updates to the parts of the database that are in the main memory buffers
(also called volatile database) are lost as a result of system failures. However, the database that is stored
in secondary storage (also called stable database) is safe and correct. To achieve this, DBMSs typically
employ logging protocols, such as Write-Ahead Logging, which record changes to the database in system
logs and movetheselog records and the volatil e database pages to stabl e storage at appropriate times. From
the perspective of distributed transaction execution, site failures are important since the failed sites cannot
participate in the execution of any transaction.




Mediafailures refer to the failure of secondary storage devices that store the stable database. Typically,
these failures are addressed by duplexing storage devices and maintaining archival copies of the database.
Mediafailuresarefrequently treated as problemslocal to onesiteand therefore are not specifically addressed
in the reliability mechanisms of distributed DBM Ss.

The three types of failures described above are common to both centralized and distributed DBM Ss.
Communication failures, on the other hand, are unique to distributed systems. There are a number of
types of communication failures. The most common ones are errors in the messages, improperly ordered
messages, lost (or undelivered) messages, and linefailures. Generally, the first two of these are considered
to be the responsibility of the computer network protocols and are not addressed by the distributed DBMS.
The last two, on the other hand, have an impact on the distributed DBMS protocols and, therefore, need
to be considered in the design of these protocols. If one site is expecting a message from another site and
this message never arrives, this may be because (a) the message is lost, (b) the ling(s) connecting the two
sites may be broken, or (c) the site which is supposed to send the message may have failed. Thus, it is not
always possible to distinguish between site failures and communication failures. The waiting site simply
timeouts and has to assume that the other siteisincommunicado. Distributed DBM S protocols have to dedl
with this uncertainty. One drastic result of line failures may be network partitioning in which the sitesform
groups where communication within each group is possible but communication across groups is not. This
is difficult to deal with in the sense that it may not be possible to make the database available for access
while at the same time guaranteeing its consistency.

Two properties of transactions are maintained by reliability protocols: atomicity and durability.
Atomicity requires that either all the operations of a transaction are executed or none of them are (all-
or-nothing). Thus, the set of operations contained in atransactionistreated as one atomic unit. Atomicity is
maintained even in the face of failures. Durahility requires that the effects of successfully completed (i.e.,
committed) transactions endure subsequent failures.

Theenforcement of atomicity and durability requirestheimplementation of atomic commitment protocols
and distributed recovery protocols. The most popular atomic commitment protocol is two-phase commit.
The recoverahility protocolsare built on top of the local recovery protocols, which are dependent upon the
supported mode of interaction (of the DBMS) with the operating system.

Two-phase commit (2PC) isavery simple and elegant protocol that ensures the atomic commitment of
distributed transactions. It extends the effects of local atomic commit actions to distributed transactions by
insisting that all sitesinvolved in the execution of a distributed transaction agree to commit the transaction
before its effects are made permanent (i.e., all sitesterminate the transaction in the same manner). If al the
sites agree to commit a transaction then all the actions of the distributed transaction take effect; if one of
the sites declines to commit the operations at that site, then all of the other sites are required to abort the
transaction. Thus, the fundamental 2PC rule states:

1. If even one site rejects to commit (which means it votes to abort) the transaction, the distributed
transaction has to be aborted at each site where it executes; and

2. If dl the sites vote to commit the transaction, the distributed transaction is committed at each site
where it executes.

The simple execution of the 2PC protocol is as follows. There is a coordinator process at the site
where the distributed transaction originates, and participant processes at all the other sites where the
transaction executes. Initialy, the coordinator sends a “prepare’ message to al the participants each of
which independently determines whether or not it can commit the transaction at that site. Those that
can commit send back a “vote-commit” message while those who are not able to commit send back a
“vote-abort” message. Once a participant registers its vote, it cannot change it. The coordinator collects
these messages and determines the fate of the transaction according to the 2PC rule. If the decision isto
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commit, the coordinator sends a* global -commit” message to all the participants; if the decision isto abort,
it sends a “global-abort” message to those participants who had earlier voted to commit the transaction. No
message needs to be sent to those participants who had originally voted to abort since they can assume,
according to the 2PC rule, that the transaction is going to be eventually globally aborted. Thisis known as
the unilateral abort option of the participants.

There are two rounds of message exchanges between the coordinator and the participants; hence the
name 2PC protocol. There are a number of variations of 2PC, such as the linear 2PC and distributed 2PC,
that have not found much favor among distributed DBM S vendors. Two important variants of 2PC are the
presumed abort 2PC and presumed commit 2PC [Mohan and Lindsay, 1983]. These are important because
they reduce the message and 1/O overhead of the protocols. Presumed abort protocol is included in the
X/Open XA standard and has been adopted as part of the |SO standard for Open Distributed Processing.

One important characteristic of 2PC protocol is its blocking nature. Failures can occur during the
commit process. As discussed above, the only way to detect these failuresis by means of atime-out of the
process waiting for a message. When this happens, the process (coordinator or participant) that timeouts
follows atermination protocol to determine what to do with the transaction that was in the middle of the
commit process. A non-blocking commit protocol is one whose termination protocol can determine what to
dowith atransaction in case of failures under any circumstance. Inthe case of 2PC, if asitefailure occurs at
the coordinator site and one participant site while the coordinator is collecting votes from the participants,
the remaining participants cannot determine the fate of the transaction among themselves, and they have to
remain blocked until the coordinator or the failed participant recovers. During thisperiod, thelocksthat are
held by the transaction cannot be rel eased, which reduces the availability of the database.

Assumethat aparticipant timeoutsafter it sendsitscommit voteto the coordinator, but before it receives
the final decision. In this case, the participant is said to be in READY state. The termination protocol for
the participant is asfollows. First, note that the participant cannot unilaterally reach atermination decision.
Since it isin the READY state, it must have voted to commit the transaction. Therefore, it cannot now
change its vote and unilaterally abort it. On the other hand, it cannot unilaterally decide to commit the
transaction sinceit is possible that another participant may have voted to abort it. In this case the participant
will remain blocked until it can learn from someone (either the coordinator or some other participant) the
ultimatefate of thetransaction. If we consider a centralized communication structure where the participants
cannot communicate with one another, the participant that has timeout has to wait for the coordinator to
report the final decision regarding the transaction. Since the coordinator has failed, the participant will
remain blocked. In this case, no reasonable termination protocol can be designed.

If the participants can communicate with each other, a more distributed termination protocol may be
developed. The participant that timeoutscan simply ask all the other participantsto help it reach adecision.
If during termination all the participantsrealize that only the coordinator site hasfailed, they can elect anew
coordinator which can restart the commit process. However, in the case where both a participant siteand the
coordinator sitehavefailed, itispossiblefor thefailed participant to have received the coordinator’sdecision
and terminated the transaction accordingly. Thisdecision is unknown to the other participants; thusif they
elect a new coordinator and proceed, there is the danger that they may decide to terminate the transaction
differently from the participant at the failed site. The above case demonstrates the blocking nature of 2PC.
There have been attempts to devise non-blocking commit protocols (e.g., three-phase commit) but the high
overhead of these protocols has precluded their adoption.

Theinverse of terminationisrecovery. When the failed site recovers from thefailure, what actions does
it have to take to recover the database at that site to a consistent state? This is the domain of distributed
recovery protocols. Consider the recovery side of the case discussed above, in which the coordinator site
recovers and the recovery protocol has to now determine what to do with the distributed transaction(s)
whose execution it was coordinating. The following cases are possible:
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1. The coordinator failed before it initiated the commit procedure. Therefore, it will start the commit
process upon recovery.

2. Thecoordinator failed whilein the READY state. In this case the coordinator has sent the “prepare”
command. Upon recovery, the coordinator will restart the commit process for the transaction from the
beginning by sending the“ prepare” message one moretime. If the participants had aready terminated
the transaction, they can inform the coordinator. If they were blocked, they can now resend their
earlier votes and resume the commit process.

3. The coordinator failed after it informed the participants of its global decision and terminated the
transaction. Thus, upon recovery, it does not need to do anything.

Replication Protocols

In replicated distributed databases?, each logical dataitem hasanumber of physical instances. For example,
the salary of an employee (logical dataitem) may be stored at three sites (physical copies). Theissuein this
type of a database system is to maintain some notion of consistency among the copies. The most discussed
consistency criterion is one copy equivalence, which asserts that the values of all copies of alogical data
item should be identical when the transaction that updatesit terminates.

If replication transparency is maintained, transactions will issue read and write operations on alogical
data item xz. The replica control protocol is responsible for mapping operations on z to operations on
physical copiesof z (z1,...,2,). A typica replica control protocol that enforces one copy seriaizability
isknown as Read-Once/Write-All (ROWA) protocol. ROWA maps each read on z [Read(z)] to aread on
one of the physical copiesz; [Read(z;)]. The copy which isread isinsignificant from the perspective of the
replica control protocol and may be determined by performance considerations. On the other hand, each
write on logical dataitem = ismapped to a set of writeson all copies of z.

ROWA protocol issimpleand straightforward, but it requiresthat al copiesof al logical dataitemsthat
are updated by a transaction be accessible for the transaction to terminate. Failure of one site may block a
transaction, reducing database availability.

A number of aternative algorithms have been proposed which reduce the requirement that all copies of
alogica dataitem be updated before the transaction can terminate. They relax ROWA by mapping each
write to only a subset of the physical copies.

This idea of possibly updating only a subset of the copies, but nevertheless successfully terminating
the transaction, has formed the basis of quorum-based voting for replica control protocols. The majority
consensus agorithm can beviewed from a dlightly different perspective: It assigns equal votesto each copy
and atransaction that updates that logical dataitem can successfully complete aslong as it has amajority of
thevotes. Based on thisides, an early quorum-based voting algorithm [Gifford, 1979] assignsa (possibly
unequal) vote to each copy of areplicated dataitem. Each operation then has to obtain aread quorum (V)
or awrite quorum (V,,) to read or write adataitem, respectively. If agiven dataitem hasatotal of V' votes,
the quorums have to obey the following rules:

1. V,+V, >V (adaaitem is not read and written by two transactions concurrently, avoiding the
read-write conflict);

2. V,, > V/2 (two write operations from two transactions cannot occur concurrently on the same data
item; avoiding write-write conflict).

2Replicationis not asignificant concernin parallel DBM Ssbecausethe datais normally not replicated acrossmultiple processors.
Replication may occur asaresult of data shipping during query optimization, but thisis not managed by the replica control protocols.
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The difficulty with this approach is that transactions are required to obtain a quorum even to read
data. Thissignificantly and unnecessarily slows down read access to the database. An aternative quorum-
based voting protocol that overcomes this serious performance drawback [Abbadi et a., 1985] has aso
been proposed. However, this protocol makes unrealistic assumptions about the underlying communication
system. It requiresthat failures that change the network’s topology are detected by al sitesinstantaneously,
and that each site has a view of the network consisting of all the sites with which it can communicate. In
general, communication networks cannot guaranteeto meet these requirements. The single copy equivalence
replica control protocols are generally considered to be restrictive in terms of the availability they provide.
Voting-based protocols, on the other hand, are considered too complicated with high overheads. Therefore,
these techniques are not used in current distributed DBMS products. More flexible replication schemes
have been investigated where the type of consistency between copiesis under user control. A number of
replication servers have been developed or are being devel oped with this principle. Unfortunately, thereis
no clear theory that can be used to reason about the consistency of a replicated database when the more
relaxed replication policiesare used. Work in thisareais still inits early stages.

Resear ch | ssues

Distributed and parallel DBMS technologies have matured to the point where fairly sophisticated and
reliable commercial systems are now available. As expected, there are a number of issues that have yet to
be satisfactorily resolved. In this section we provide an overview of some of the more important research
issues.

Data Placement

In a paradlel database system, proper data placement is essential for load balancing. Idedlly, interference
between concurrent parallel operations can be avoided by having each operation work on an independent
dataset. These independent datasets can be obtained by the declustering (horizontal partitioning) of the
relations based on a function (hash function or range index) applied to some placement attribute(s), and
alocating each partition to a different disk. As with horizontal fragmentation in distributed databases,
declustering is useful to obtain inter-query paralelism, by having independent queries working on different
partitions; and intra-query-parallelism, by having a query’s operations working on different partitions.
Declustering can be single-attribute or multi-attribute. In the latter case [Ghandeharizadeh et al., 1992],
an exact match query requiring the equality of multi-attributes can be processed by a single node without
communication. The choice between hashing or range index for partitioning is a design issue: hashing
incurs|ess storage overhead but provides direct support for exact-match queries only, whilerangeindex can
also support range queries. Initialy proposed for shared-nothing systems, declustering has been shown to
be useful for shared-memory designs as well, by reducing memory access conflicts [Bergsten et al., 1991].

Full declustering, whereby each relation is partitioned across all the nodes, causes problems for small
relations or systems with large numbers of nodes. A better solution is variable declustering where each
relation is stored on a certain number of nodes as a function of the relation size and access frequency
[Copeland et a., 1988]. This can be combined with multirelation clustering to avoid the communication
overhead of binary operations.

When the criteriaused for data placement change to the extent that | oad bal ancing degrades significantly,
dynamic reorganization isrequired. It isimportant to perform such dynamic reorganization on-line (without
stopping the incoming of transactions) and efficiently (through parallelism). By contrast, existing database
systems perform static reorganization for database tuning [Shasha, 1992]. Static reorganization takes place
periodically when the systemisidleto ater data placement according to changesin either database size or
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access patterns. In contrast, dynamic reorganization does not need to stop activities and adapts gracefully
to changes. Reorganization should aso remain transparent to compiled programs that run on the parallée
system. In particular, programsshould not berecompiled because of reorgani zation. Therefore, thecompiled
programs should remain independent of data location. This implies that the optimizer does not know the
actual disk nodes where arelation isstored or where an operation will actually take place. The set of nodes
where ardation is stored when a certain operation is to be executed, is called itshome. Similarly, the set
of nodes where the operation will be executed is called the home of the operation. However, the optimizer
needs abstract knowledge of the home (e.g., relation R is hashed on A over 20 nodes) and the run-time
system makes the associ ation between the home and the actual nodes.

A serious problem in data placement is how to deal with skewed data distributions which may lead to
non-uniform partitioning and negatively affect load balancing. Hybrid architectures with nodes of different
memory and processing power can be exploited usefully here. Another solution is to treat non-uniform
partitions appropriately, eg., by further declustering large partitions. Separation between logical and
physical nodesisaso useful since alogica node may correspond to several physical nodes.

A final complicating factor in data placement is data replication for high availability. A naive approach
isto maintain two copies of the same data, a primary and a backup copy, on two separate nodes. However,
in case of anode failure, the load of the node having the copy may double, thereby hurting load balancing.
To avoid this problem, several high-availability data replication strategies have been proposed and recently
compared [Hsiao and DeWitt, 1991]. An interesting solution is Teradata's interleaved declustering which
declusters the backup copy on anumber of nodes. In failure mode, the load of the primary copy is balanced
among the backup copy nodes. However, reconstructing the primary copy from its separate backup copies
may be costly. In normal mode, maintaining copy consistency may also be costly. A better solution is
Gamma’s chained declustering which stores the primary and backup copy on two adjacent nodes. In failure
mode, the load of the failed node and the backup nodes are balanced among all remaining nodes by using
both primary and backup copy nodes. In addition, maintaining copy consistency is cheaper. An open issue
remains how to perform data placement taking into account datareplication. Aswiththefragment allocation
in distributed databases, this should be considered an optimization problem.

Network Scaling Problems

Thedatabase community does not have afull understanding of the performanceimplicationsof al thedesign
alternativesthat accompany the devel opment of distributed DBM Ss. Specifically, questionshave beenraised
about the scalability of some protocols and algorithms as the systems become geographically distributed
[Stonebraker, 1989] or as the number of system components increase [Garcia-Molina and Lindsay, 1990].
Of specific concern is the suitability of the distributed transaction processing mechanisms (i.e., the two-
phase locking, and, particularly, two-phase commit protocols) in wide area network-based distributed
database systems. As mentioned before, there isasignificant overhead associated with these protocols, and
implementing them over a slow wide area network may be difficult [ Stonebraker, 1989].

Scaling issues are only one part of a more genera problem, namely that we do not have a good
handle on the role of the network architectures and protocols in the performance of distributed DBM Ss.
Almost al the performance studies of which we are aware assume a very simple network cost model
— sometimes as unredlistic as using a fixed communication delay that is independent of al network
characteristics such as load, message size, network size, and so on. In genera, the performance of the
proposed algorithm and protocolsin different local area network architectures is not well understood, nor
is their comparative behavior in moving from local area networks to wide area networks. The proper
way to deal with scalability issuesis to develop general and sufficiently powerful performance models,
measurement tools and methodol ogies. Such work on centralized DBM Ss has been going on for sometime,
but has not yet been sufficiently extended to distributed DBM Ss.
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Even though there are plenty of performance studies of distributed DBMSs, these usualy employ
simplistic models, artificial workloads, conflicting assumptions or consider only a few specia algorithms.
Thisdoes not mean that we do not have some understanding of thetrade-offs. Infact, certain trade-offs have
long been recognized and even the earlier systems have considered them in their design. However, these
trade-offs can mostly be spelled out only in qualitativeterms; their quantification requires more research on
performance models.

Distributed and Parallel Query Processing

As discussed earlier, global query optimization generates an optimal execution plan for the input fragment
guery by making decisions regarding operation ordering, data movement between sites and the choice of
both distributed and local algorithms for database operations. There are a number of problems related to
thisstep. They haveto do with the restrictionsimposed on the cost model, the focus on a subset of the query
language, the trade-off between optimization cost and execution cost, and the optimization/reoptimization
interval.

The cost mode iscentral to globa query optimization since it provides the necessary abstraction of the
distributed DBM S execution system in terms of access methods, as well as an abstraction of the databasein
terms of physical schemainformation and related statistics. The cost model isused to predict the execution
cost of alternative execution plans for a query. A number of important restrictions are often associated
with the cost model, limiting the effectiveness of optimizationinimproving throughput. Work in extensible
guery optimization [Freytag, 1987] can be useful in parameterizing the cost model which can then berefined
after much experimentation. Even though query languages are becoming increasingly powerful (e.g., new
versions of SQL), global query optimization typically focuses on a subset of the query language, namely
sel ect-proj ect-join (SPJ) queries with conjunctivepredicates. Thisisan important class of queriesfor which
good optimization opportunitiesexist. As aresult, a good dea of theory has been developed for join and
semijoin ordering. However, there are other important queries that warrant optimization, such as queries
with digunctions, unions, fixpoint, aggregationsor sorting. A promising solutionisto separate thelanguage
understanding from the optimization itself which can be dedicated to several optimization “experts.”

There is a necessary trade-off between optimization cost and quality of the generated execution plans.
Higher optimization costs are probably acceptabl e to produce “ better” plansfor repetitive queries, sincethis
would reduce query execution cost and amortize the optimization cost over many executions. However,
high optimization cost is unacceptable for ad hoc queries which are executed only once. The optimization
cost is mainly incurred by searching the solution space for alternative execution plans. In a distributed
system, the solution space can be quite large because of the wide range of distributed execution strategies.
Therefore, it iscritical to study the application of efficient search strategiesthat avoid the exhaustive search
approach. Global query optimization is typically performed prior to the execution of the query, henceit is
called static. A major problem with this approach is that the cost model used for optimization may become
inaccurate because of changesinthefragment sizesor the database reorgani zation whichisimportant for load
balancing. The problem, therefore, is to determine the optimal intervals of re-compilation/reoptimization
of the queries taking into account the trade-off between optimization and execution cost.

The crucia issue in terms of search strategy is the join ordering problem which is NP-complete in
the number of relations [Ibaraki and Kameda, 1984]. A typical approach to solving the problem is to
use dynamic programming [Selinger et al., 1979] , which is a deterministic strategy. This strategy is
almost exhaustive and assures that the best of all plans is found. It incurs an acceptable optimization
cost (in terms of time and space) when the number of relations in the query is small. However, this
approach becomes too expensive when the number of relations is greater than 5 or 6. For this reason,
there has been recent interest in randomized strategies, which reduce the optimization complexity but
do not guarantee the best of al plans. Randomized strategies investigate the search space in a way
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which can be fully controlled such that optimization ends after a given optimization time budget has
been reached. Another way to cut off optimization complexity is to adopt a heuristic approach. Unlike
deterministic strategies, randomized strategies allow the optimizer to trade optimization time for execution
time [loannidis and Wong, 1987, Swami and Gupta, 1988, loannidis and Kang, 1990].

Distributed Transaction Processing

Despite the research done to date, there are still topics worthy of investigation in the area of distributed
transaction processing. We have aready discussed the scaling problems of transaction management algo-
rithms. Additionally, replica control protocols, more sophisticated transaction models, and non-serializable
correctness criteria require further attention. The field of data replication needs further experimentation;
research isrequired on replication methods for computation and communication; and more work is neces-
sary to enable the systematic exploitation of application-specific properties. Experimentation is required to
evaluate the claims that are made by agorithm and system designers, and we lack a consistent framework
for comparing competing techniques.

Oneof thedifficultiesin quantitatively eval uating replication techniquesliesin the absence of commonly
accepted failure incidence models. For example, Markov models that are sometimes used to analyze the
availability achieved by replication protocols assume the statistical independence of individua failure
events, and therarity of network partitionsrelative to sitefailures. Currently, we do not know that either of
these assumptionsistenable, nor are we aware how sensitive Markov models are to these assumptions. The
validation of the Markov models by simulation requires empirical measurement, since simulations often
embody the same assumptionsthat underlie the Markov analysis. There is a need, therefore, for empirical
studiesto monitor failure patternsin rea -life production systems, with the purpose of constructing asimple
model of typical failureloads.

To achieve the twin goals of data replication, namely availability and performance, it is necessary
to provide integrated systems in which the replication of data goes hand in hand with the replication
of computation and communication (including 1/0). Only data replication has been studied intensively;
relatively little has been done in the replication of computation and communication.

In addition to replication, and related to it, work is required on more elaborate transaction models,
especialy those that exploit the semantics of the application [Elmagarmid, 1992, Weihl, 1989]. Greater
availability and improved performance, as well as concurrency, can be achieved with such models. As
database technology enters new application domains such as engineering design, software devel opment,
and officeinformation systems, the nature of and requirementsfor transactionschange. Thus, work isneeded
on more complicated transaction models as well as on correctness criteria different from serializability.

Complex transaction models are important in distributed systems for a number of reasons. The most
important is that the new application domains that distributed DBMSs will support in the future (e.g.,
engineering design, office information systems, cooperative work, etc.) require transaction models that
incorporate more abstract operations that execute on complex data. Furthermore, these applications have
a different sharing paradigm than the typica database access to which we are accustomed. For example,
computer-assisted cooperative work environments require participants to cooperate in accessing shared
resources rather than competing for them, as is usual in typical database applications. These changing
reguirements necessitate the devel opment of new transaction model sand accompanying correctness criteria

Object-oriented DBM Ss are now being investigated as potential candidatesfor meeting the requirements
of such “advanced” applications. These systems encapsulate operations (methods) with data. Therefore,
they requireaclear definition of their update semantics, and transaction model sthat can exploit the semantics
of the encapsul ated operations [Ozsu, 1994].
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Summary

Distributed and parallel DBM Sshave becomeareality inthelast few years. They providethefunctionality of
centralized DBM Ss, but in an environment where datais distributed over the sites of a computer network or
the nodes of amultiprocessor system. Distributed databases have enabled the natural growth and expansion
of databases by the simpleaddition of new machines. The price-performance characteristics of these systems
are favorablein part due to the advances in computer network technology. Parallel DBM Ss are perhaps the
only realistic approach to meet the performance requirements of a variety of important applications which
place significant throughput demands on the DBMS. In order to meet these requirements, distributed and
parallel DBMSs need to be designed with specia consideration for the protocols and strategies. In this
article, we provide an overview of these protocols and strategies.

There are a number of related issues that we did not cover. Two important topics that we omitted
are multidatabase systems and distributed object-oriented databases. Most information systems evolve
independent of other systems, with their own DBMS implementations. Later requirements to “integrate”
these autonomousand possibly heterogeneous systems pose significant difficulties. Systems which provide
access to independently designed and implemented, and possibly heterogeneous, databases are called
multidatabase systems [ Sheth and Larson, 1990].

The penetration of database management technology into areas (e.g., engineering databases, multimedia
systems, geographic information systems, image databases) which relational database systems were not
designed to serve has given rise to a search for new system models and architectures. A primary candidate
for meeting the requirements of these systems is the object-oriented DBMS [Dogac et al., 1994]. The
distribution of object-oriented DBM Ss gives rise to anumber of issues generally categorized as distributed
object management [Ozsu et al., 1994]. We have ignored both multidatabase system and distributed object
management issuesin this paper.

Defining Terms

Atomicity: The property of transaction processing whereby either all the operations of a transaction are
executed or none of them are (all-or-nothing).

Client/server architecture: A distributed/parallel DBM S architecture where a set of client machines with
limited functionality access a set of servers which manage data.

Concurrency control algorithm: Algorithms that synchronize the operations of concurrent transactions
that execute on a shared database.

Data independence: The immunity of application programs and queries to changes in the physical or-
ganization (physical data independence) or logical organization (logica data independence) of the
database and vice versa.

Distributed database management system: A database management system that manages a database that
is distributed across the nodes of a computer network and makes this distribution transparent to the
users.

Deadlock: An occurrence where each transaction in a set of transactions circularly waits on locks that are
held by other transactions in the set.

Durability: The property of transaction processing whereby the effects of successfully completed (i.e.,
committed) transactions endure subsequent failures.
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Inter-query parallelism: The paralel execution of multiple queries generated by concurrent transactions.

Intra-query parallelism: The parallel execution of multiple, independent operations possible within the
same query.

Intra-operation parallelism: The execution of onerelational operation as many sub-operations.

Isolation: The property of transaction execution which states that the effects of one transaction on the
database are isolated from other transactions until the first compl etesits execution.

Linear scaleup: Sustained performance for a linear increase in both database size and processing and
storage powe.

Linear speedup: Linear increase in performance for a constant database size and linear increase in pro-
cessing and storage power.

Locking: A method of concurrency control wherelocks are placed on database units (e.g., pages) on behalf
of transactions that attempt to access them.

Logging protocol: The protocol which records, in a separate |ocation, the changes that a transaction makes
to the database before the changeis actually made.

One copy equivalence: Replica control policy which asserts that the values of all copies of alogical data
item should be identical when the transaction that updates that item terminates.

Query optimization: The process by which the “best” execution strategy for a given query is found from
among a set of aternatives.

Query processing: The process by which adeclarative query istransated into low-level datamanipulation
operations.

Parallel database management system: A database management system that isimplemented on atightly-
coupled multiprocessor.

Quorum-based voting algorithm: A replica control protocol where transactions collect votesto read and
write copies of dataitems. They are permitted to read or write dataitemsif they can collect aquorum
of votes.

Read-Once/Write-All protocol: Thereplicacontrol protocol which maps each logical read operation to a
read on one of the physical copies and mapsalogica write operation to awrite on all of the physical
copies.

Serializability: The concurrency control correctness criterion which requires that the concurrent execution
of aset of transactions should be equiva ent to the effect of someserial execution of thosetransactions.

Shared-disk architecture: A paralel DBMS architecture where any processor has access to any disk unit
through the interconnect but exclusive (non-shared) access to its main memory.

Shared-memory architecture: A parallel DBMS architecture where any processor has access to any
memory module or disk unit through afast interconnect (e.g., a high-speed bus or a cross-bar switch).

Shared-nothing architecture: A parallel DBMS architecture where each processor has exclusive access
to itsmain memory and disk unit(s).
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Stable database: The portion of the database that is stored in secondary storage.

Termination protocol: A protocol by which individual sites can decide how to terminate a particular
transaction when they cannot communicate with other sites where the transaction executes.

Transaction: A unit of consistent and atomic execution against the database.

Transparency: Extensionof dataindependenceto distributed systemsby hiding the distribution, fragmen-
tation and replication of datafrom the users.

Two-phase commit: An atomic commitment protocol which ensures that a transaction is terminated the
sameway at every sitewhereit executes. The name comes from the fact that two rounds of messages
are exchanged during this process.

Two-phase locking: A locking algorithm where transactions are not allowed to request new locks once
they release a previously held lock.

Volatiledatabase: The portion of the database that is stored in main memory buffers.
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Further Information

Therearetwo current textbookson distributed and parallel databases. Oneisour book [Ozsu and Valduriez, 19914]
andtheother book is[Bell and Grimson, 1992]. Thefirst seriousbook onthistopicwas[Ceri and Pelagatti, 1984]
which is now quite dated. Our paper [Ozsu and Valduriez, 1991b], which is a companion to our book, dis-
cusses many open problemsin distributed databases. Two excellent papers on paralldl database systemsare
[Dewitt and Gray, 1992, Valduriez, 1993].

There are a number of more specific texts. On query processing, [Freytag et a., 1993] provide an
overview of many of the more recent research results. [ElImagarmid, 1992] has descriptions of a number
of advanced transaction models. [Gray and Reuter, 1993] is an excellent overview of building transaction
managers. Another classical textbook on transaction processing is [Bernstein et a., 1987]. These books
cover both concurrency control and reliability.
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