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Abstract

A database management system architecture 15 described that fa-
cilitates the mmplementation of data management extensions for
relational database systems The architecture defmnes two classes
of data management extensions alternative ways of storing relations
called relation "storage methods", and access paths, mtegrity con-
stramnts, or triggers which are "attachments" to relations Genenc
sets of operations are defined for storage methods and attachments,
and these operations must be provided in order to add a new
storage method or attachment type to the system The data man-
agement extension architecture also provides common services for
coordmnation of storage method and attachment execution This
article describes the data management extension architecture along
with some implementation 1ssues and techmques

Introduction

In order to provide effective and efficient support for the many,
diverse database apphications of the next decade, database manage-
ment systems must be able to incorporate new facilities specialized
to the application and hardware environment Recently there has
been considerable interest in “extensible" database management
systems [STONEBRAKERS86,BATORY86,CAREY86,DAYAL85]
Database extensions can be (grossly) classified as user data exten-
sions or data management extensions User data extensions con-
centrate on providing support for user-defmed abstract data types
and functions for fields of database records Data management
extensions provide alternative implementations of database storage
and access paths

User data type extensions provide support for domains [CODD79]
and allow application developers to specify data type representations,
conversions, and functions on user data types, which can be per-
formed by the database management system during the execution
of database quenies and updates User data types not only enhance
apphcation development productivity and mtegnty, but also improve
system performance because predicates mvolving user-defined types
can be evaluated by the DBMS to ehmunate items which would
otherwise have to be returned to the apphcation
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Data management extensions provide alternative data storage meth-
ods, data access paths, and integnty constramnt or trigger facihties
Data management extensions allow a database system to evolve to
support new hardware and application opportumties and require-
ments As database management systems are apphed to an ever
broader range of applications, 1t 1s often desirable to provide da-
tabase facilities which are specialized to the apphication requirements,
n order to enhance application performance or simphfy the apph-
cation implementation For example, spatial database apphications
can make use of an R-tree access path [GUTTMANS4] to efficiently
compute certan spatial predicates Exploiting the evolution of the
hardware facilities suggests data management extensions such as
main memory data storage methods for selected high traffic relations,
and special facilities to support (read-only) optical disk database
publishing applications Data management extensions also allow
the mnstallation of improved, but representation mcompatible, ver-
sions of data storage or access paths without impacting exsting
applications and data

This article describes a database management system architecture
which facilitates the implementation of data management extensions
for relational database systems The difficulty of implementing data
management extensions stems from the fact that such extensions
nteract with almost all components of the DBMS Not only must
data management extensions implement low-level, recoverable rep-
resentations and operations, but they must also be mtegrated mto
the query planming process and the data defimtion facihty The
objective of the data management extension architecture 1s to sim-
phify the integration of alternative data storage, access path, integrity
constramnt, and trigger facilities into the DBMS while preserving
user and internal mterfaces for data access and mamipulation The
challenge 1s to devise mechamsms for mcorporating a broad range
of data management extensions without degrading system perfor-
mance

The principle features of the data management architecture are a
well defined set of interfaces for relation storage methods, access
structures, mtegnty constraints, and triggers, an efficient and flexible
way of determining what relation storage method, access structures,
integrity constraint, and trigger routines need to be activated based
on an extensible relation descriptor, an efficient way to activate
these routines using vectors of routine entry ponts, and a formu-
lation of common services such as logging, locking, event notification
and predicate evaluation, to coordinate the activities of the different
extensions and to make therr implementation easier The idea of
defining a common set of interfaces that 15 implemented by each
relation storage type or access path 1s not new System R supports
permanent and temporary relations through a common Relation
Storage System (RSS) interface [ASTRAHAN76] INGRES has a
sinular interface called the Access Method Interface (AMI)
[STONEBRAKER76] Our experience with System R and R* has
shown that well defined external data management interfaces are
not sufficrent to make adding new storage and access structures
easy and efficient It is also necessary to have well defined internal
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Figure 1 Relationship of Storage Methods and Attachments

mterfaces and common services, along with mechamsms that are
mherently extensible for locating and calling new storage and access
structure routmnes This also appears to be the experience of
INGRES Many extensions have been made to that system since
its mtial mplementation, but the resulting system 1s "“hacked up
enough’ to make the inclusion of substantial new function extremely
difficult” [STONEBRAKERS86] This 1s one of the motivations
stated for desigming and implementing POSTGRES which 1s an
entirely new database system

Genenc Abstractions for Data Management
Extensions

In relational database systems, the relation (or table) 1s the funda-
mental, user-visible object type A relation 1s a set of records, and
operations for selecting, mmserting, updating, deleting, and combining
records from multiple relations are specified using a data manipu-
lation language (such as QUEL or SQL) Relational systems also
ncamorate. access paths that support record selection onerations

am’ megriy constrarmas dlat prevem® reaifniur upudaty wihuil woml!
violate user specified intra- or inter-record predicates Access paths,
i general, replicate information from the relations to which they
are apphed The replicated data stored by access path implemen-
tations 15 organized mn useful ways to accelerate access to specific
subsets of the relation’s data Access paths need not be hmited to
a single table (e g, join indexes [VALDURIEZ85]) and can be
used to maimntan alternative representations or aggregations of the
data stored 1n a relation In contrast to access paths, which reflect
the contents of their relations, integrity constramnts are used to
control the contents of their relations Integrity constramnts can be
used to either prevent relation updates which do not satisfy the
integrity constraint or to trigger relation updates which establish or
maintain the desired data consistency It 1s important to note that
access path updates and integrity constrant enforcement are per-
formed mmphcitly as side effects of operations which modify the
contents of a relation

The data management extension architecture treats extensions as
alternative 1mplementations of certamn generic abstractions having
genenic mterfaces The architecture defines two distinct generic
abstractions relation storage methods, and access paths, integnty
constraints, or tniggers that are associated with relation nstances
Relation storage method extensions are known sumply as "storage
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methods ' Examples of storage methods include recoverable and
temporary relations Different recoverable (or temporary) storage
methods are possible For example, the records of the relation may
be stored sequentially in a disk file or they may be stored in the
leaves of a B-tree index Another relation storage method mught
support access to a foreign database by simulating relation accesses
via (remote) accesses to relations in the foreign database In any
case, a storage method implementation must support a well-defined
set of relation operations such as delete, insert, destroy relation,
and estimate access costs (for query planming) Additionally, storage
method implementations must define the notion of a record key and
support direct-by-key and key-sequential record accesses to selected
fields of the records The defimition and interpretation of record
keys 1s controlled by the storage method implementation For
example, record keys may be record addresses or may be composed
from some subset of the fields of the records

Access path, mtegnity constraint, and trigger extensions are called
"attachments " Examples of attachment types mclude B-tree m-
dexes, hash tables, jomn indexes, single record integnty constraints,
and referential integnity constraints In principle any type of at-
drahmant car & gppilad’ o5 ary staage maskre Swever; same
combinations (e g, a permanent index on a temporary table) may
not make sense Attachment instances are associated with relation
instances, and a single relation instance may have multiple attach-
ment instances of the same or different types The relationship of
storage methods and attachments 1s shown m Figure 1 In this
example, the Employee relation uses the heap storage method, and
1t has instances of B-tree and imntra-record consistency constraint
attachments

Attachments, like storage methods, must support a well-defined set
of operations Unhke storage methods, however, attachment mod-
ification operations are not directly invoked by the data management
facihity user Instead, attachment modification interfaces are mvoked
only as side effects of modification operations on relations When-
ever a record 1s mserted, updated, or deleted, the (old and new)
record 1s presented by the data management faciity to each at-
tachment type with instances defined on the relation being modified
Attachments can then take action to add the record keys to access
path data structures, to check integnty constrants, or to tnigger
additional actions within the database or even outside of the da-
tabase system Any attachment can abort the relation operation if
the operation violates any restrictions of the attachment Like
storage methods, access path extensions support direct-by-key and
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(optionally) key-sequential accesses which return the storage method
key of the corresponding relation records The attachment access
operations can be mvoked directly by the data management facility
user

The attachment concept 1s more general than the concept of an
access path since an attachment may mnsure that an integnty con-
stramnt 18 not violated, or trigger actions both mside and outside
the database 1n addition to providing alternative means of accessing
data stored n a relation Attachments are not merely triggers as
System R [ASTRAHAN76] and POSTGRES [STONEBRAKERS6]
however, because they may have associated storage This storage
can be used to mamntamn access structures, and even to maintain
statistics about relations or precomputed function values for data
stored 1n relations

The Data Management Extension Architecture

The data management extension architecture consists of three major
components 1) direct operations on storage methods and attach-
ments, 2) procedurally attached, indirect operations on attachments,
and 3) a common services environment The direct operations on
storage methods and attachments support relation modification
(record msert, update, and delete) and accesses to record keys and
fields via relation storage methods or access attachments Direct
operations are also defined for creating, destroymng, and managing
storage methods and attachments Procedurally attached, indirect
operations are used to notify attachments when the relation 1s
modified so the attachments can modify their state or imtiate
appropriate actions based on the modification to the relation storage
method Common services provide a shared framework for storage
method and attachment execution The generic interfaces of the
data management extension architecture are shown m Figure 2
The remainder of this section discusses the components of the data
management extension architecture mn greater detail

222

Direct Generic Operations

The direct generic operations are internal DBMS operations on
relations and access path instances Genenc interface operations
are dynamucally selected to execute data management operations
based on the storage method or attachment type being manipulated
The generic operations are divided into two classes 1) relation
modification and management operations, and 2) accesses to record
fields or keys

The relaton modification operations include msert, update, and
delete record Relation and attachment management operations
mclude create and destroy relation or attachment instances, and
change mode or status of relation or attachment instances Special
care must be taken with database data defimtion operations, such
as create relation or attachment instance, to allow storage method
and attachment type-specific attributes to be specified via the user-
level data defimtion language and executed via generic storage
method and attachment creation operations For example, some
storage methods may support multiple devices and will need to be
told where to put a specific instance of the storage method To
this end, the data defimtion language of the DBMS has been
extended to allow specification of a storage method or attachment
type and an attribute / value hst for extension-specific parameters
Storage method and attachment implementations supply genenc
operations to validate and process the attribute hsts during parsing
and execution of the data definition operations

The second class of direct genenic operations supports accesses to
stored relations and access paths Every relation storage method
defines record keys for the records it stores, while access path
extensions supply a mapping from an mput key to a record key
Both relation storage methods and access path attachments support
direct-by-key and key-sequential accesses Given a key, a direct-by-key
access returns selected data fields from a record n the relation, or
returns a record key from the access path mapping structure Some
access path attachments may be able to return record fields when
the access path key 1s a multi-field value and the access 1s specified
using a partial key Key-sequential accesses return a sequence of
data field or record key values, in the order defined by the storage



or access path This approach to data accesses separates access
path accesses from relation accesses Furst the access path 1s ac-
cessed to obtamn a record key, which 1s then used to access the
relation record in the storage method

Key-sequential accesses require support for the notion of position
within a relation or access path, and a defimtion of the mteraction
between the position of a key-sequential access and the deletion
of records (or access path entries) at the current position This 1s
because key-sequential accesses occur one record or record key at
a time, and control may return to the user application before the
completion of the key-sequence The user application may then
delete records which may be at the current position of the key-
sequential access We mtroduce the term scan to denote the key-
sequential access position A scan may be on, after, or before an
item of the relation or access path After a successful return from
a key-sequential access, the scan 15 on the returned item If an
1tem at the scan position 18 deleted, the scan will be positioned just
after the deleted item Key-sequential access operations always
access the next item after the current scan position

Also mncluded as access operations are relation storage method and
access attachment operations to assist the query planner i estimating
the cost of performing an access via the storage method or attach-
ment Given a list of "ehgible" predicates supphed by the query
planner, the storage method or access attachment can determine
the "relevance” of the predicates to the access path mstance and
then estimate the I/0 and CPU costs to return the record fields
or keys that satisfy the predicates For example, a B-tree access
path will return a low cost if there 1s a predicate on the key of
the B-tree, and the R-tree access path will recognize the ENCLOSES
predicate and report a low cost In a smmilar manner, the query
planner will be able to determine the cost of using a storage method
or attachment to scan a relation mn a random order or with the
tuples ordered by particular record fields

In addition to accessing record fields or keys, accesses also support
record filtering via predicate expressions passed to the relation
storage or access path Using common services, the extension
implementations can test a predicate against the current relation
record or agamst record fields available in the access path key
Entries which do not satisfy the predicate are skipped The envi-
sioned common services predicate evaluator will be able to call
functions that are passed to it, and use any combmation of fields
from a record as operands Additionally, both constant and variable
data can be used by the predicate evaluator It 15 expected that
the predicate will (usually) be evaluated without having to copy
the data from the extension’s buffer pool

Indirect, Attached Procedures

The second component of the data management extension archi-
tecture 1s the defimition of procedural attachments to relation n-
stances Attached procedures are indirectly invoked as side effects
of operations that modify stored relations Whenever a relation
record 18 inserted, updated, or deleted, the corresponding attached
procedure i1s invoked for each attachment type having instances
that are defined on the relation being modified Each attachment
type 1s passed its own meta-data (descriptor), the record key, and
the old and new record values

This method of procedural attachment allows access path attach-
ments to update their representations, integrity constraimnts to be
evaluated during record modification operations, and other actions
to be trniggered Any voked attachment can veto the entire record
modification operation if the operation would violate any constraints
of the attachment Each attachment type 1s mnvoked at most once
per relation modification and must service all instances of its at-
tachment type that are currently defined on the relation Attachments
may access or modfy other data in the database by calling the
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appropriate storage method or attachment routines In this manner,
modifications may cascade in the database

An example of procedural attachments for a B-tree access path 1s
m order After a record 1s mserted into a relation having B-tree
indexes defined on 1t, the B-tree attached procedure for insert wall
be invoked passing a copy of the inserted record along with the
newly assigned tuple identifier or record key For each B-tree
ndex defined on the relation being modified, the B-tree insert
procedure will form an mdex key by projecting fields from the
mserted record, and then msert the mdex key plus tuple identifier
or record key into the B-tree mndex On update, the old record
and record key will be used to determine which key to delete from
the B-tree mndex and the new record and record key will be uvsed
to form the key to be mserted into the index Of course, the
B-tree update operations should be able to detect when no indexed
fields for a given index are modified

Attached procedures can perform complex operations, including the
mvocation of additional operations on the same or other relations
For example, the referential mtegnty attachment to a 'parent”
relation would perform record delete operations on the "chuld”
relation when a "parent” record 1s deleted If the "child" relation
also has a referentral integnty attachment, 1t would perform record
delete operations on 1ts "child” relation Thus, cascaded deletes
can be supported On msert, the same attachment type on the
"chuld" relation would test the "parent” relation for a record with
matching referential integnty fields

Common Services Environment

Storage method and attachment extensions, while isolated from
each other by the extension architecture, are embedded m the
database management system execution environment and must
therefore obey certain conventions and make use of certain common
services The most obvious interface convention 18 the common
record and field value representations needed to allow communi-
cation with the genenic operations compnsing the storage method
and attachment extensions More subtle issues are raised by the
recovery and concurrency aspects of the database management
system as discussed below Also, data management extensions will
need to participate 1n database events such as transaction commit

In order to be able to coordinate the activity of multiple attachments
during relation modification operations, 1t 18 necessary to be able
to undo the effects of the storage method level modification and
the already-executed, attached procedures when a subsequently
executed attachment vetoes the relation modification operation
The data management extension architecture relies on the use of
a common recovery facility to drive, not only system restart and
transaction abort, but also the partial rollback of the actions of the
transaction When a relation modification operation fails, for any
reason, the common recovery log 1s used to drive the storage method
and attachment implementations to undo the partial effects of the
aborted relation modification The same log-based driver also drives
storage method and attachment implementations dunng transaction
abort and during system restart recovery

The data management extension architecture assumes that all storage
method and attachment implementations will use a locking-based
concurrency controller to synchronmize the execution of their oper-
ations If some storage method or attachment implementation were
to use senal vahdation or timestamp order based concurrency con-
trol while others used locking, a non-senializable transaction exe-
cution 1s possible 1n general [BERNSTEIN81] While a system-
supplied lock manager will be available to the storage method and
attachment ymplementations, they can also provide theirr own lock
controllers However, all lock controllers must be able to participate
n transaction commit and system-wide deadlock detection events



Another common service interface supports the evaluation of filter
predicates duning direct-by-key and key-sequential accesses, and
supports integrity constraint checking In order to quickly reject
unquahfied entnies during accesses, 1t 1s important to evaluate filter
predicates as early as possible The filter predicate expression,
along with a list of fields needed from the current record, 1s passed
to the access procedures The access procedures, after 1solating the
needed fields, will invoke the filter expression evaluator on the
filter predicate and the fields of the current record The intention
of this common service facihity 1s to allow filter predicates to be
evaluated while the field values from the relation storage or access
path are still in the buffer pool The predicate evaluation facility
1s also available to the integrity constraint attachments and to the
query execution engine

In order to correctly mamtain scan positions in a relation or access
path during key-sequential accesses, the storage methods and at-
tachments must be notified of certamn transaction events In par-
ticular, all key-sequential accesses must be terminated at transaction
termination This 18 because all locks are released at transaction
termunation and the access procedures use locking to maintain the
ntegrity of the scan position A common service facility will notify
all storage methods and attachments which used key-sequential
accesses during the transaction when the transaction completes so
that they can clean up (1€, close) any open scans

Key-sequential access positions are also affected by partial trans-
action rollback Partial transaction rollback 1s used, not only to
recover from vetoed relation modifications, but also to undo the
partial effects of (complex) data defimtion operations and to support
a sort of application-level sub-transaction To correctly return the
database management system to an earher point in the execution
of the transaction, scan positions must be restored to their earlier
status While the common log-dniven rollback will correctly restore
stored relations and access path data structures to an earher state,
scan positions are not restored automatically because their state
changes are not logged (for performance reasons) Instead, when
a transaction rollback point is established, the storage methods and
attachments are dnven by the system to obtaimn their key-sequential
access positions The scan positions are retamned until the rollback
pont 1s canceled or until they are used to restore the key-sequential
positions followng a partial rollback

Another event notification mechanism 15 needed to support deferred
actions on storage methods and attachments In order to make
storage method and attachment drop (destroy) operations undoable
without logging the entire state of the relation or access path, the
actual release of the relation or access path state 1s deferred until
the transaction commuts A common service facility will be available
to allow extensions to request notification when (if) the transaction
commuts so that they can complete the execution of their deferred
actions

Some areas of the database management system do not require
special data management extension faciities because the mechanisms
employed by the query planming and processing portions of the
system are general enough to handle data management extensions
Because extensions are alternative implementations of a common
relation abstraction, a umiform authonzation facility can be used to
control user access to relations of all storage methods A common
facility will also record and track the dependencies between '"bound"
query plans and the extensions used by the plans In order to
provide good performance for production databases, 1t 1s important
to retan the translations of queries into query execution plans that
directly mnvoke the relation and access path operations, and to use
the saved query execution plans whenever the queries are subse-
quently executed This query binding approach avoids the non-trivial
costs of accessing the relation descriptions and optimizing the query
at query execution time However, the validity of the translation
of the query mto its execution plan depends upon the continued
existence of the relations and access paths used by the query plan
A uniform mechamism for recording the dependencies of execution
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plans on the relations they use allows the system to invahdate any
plans which depend upon relations or access paths that have been
deleted from the system Invahdated execution plans are automat-
ically re-translated, by the common system, the next time the query
1s mvoked by an apphcation

Data Management Extension Mechanisms

This section discusses some implementation 1ssues and techmques
for data management extensions One of our goals is to prove that
an extensible database system can be more than just a research
tool, extensible database system technology can be designed and
implemented 1n a way that performance 1 good enough to permut
1ts use i production systems The interfaces to storage methods
and attachments are tuple-at-a-time nterfaces This means, for
example, that the join of two moderate sized relations can easily
result in thousands of calls to storage method and attachment
routtnes It 15 umperative, therefore, that the hinkage to storage
method and attachment routines, and to the common service rou-
tnes, be very efficient For this reason, certain common service
routines must be recompiled and new extensions must be hnked
with the rest of the DBMS in order to add a new data management
extension to the system Directly hnking extensions to the rest of
the DBMS allows extensions to call system services directly and
facilitates efficient mvocation of extension procedures This is not
considered to be a sigmificant restriction because our mtention has
been that data management extensions must be made "at the
factory " The implementer of a data management extension must
have knowledge of internal database interfaces, and data manage-
ment extensions have access to critical database resources Thus,
data management extensions must be written by sophisticated per-
sonnel at the factory, and not by casual database users

Because extensions are bound into the database system, performance
1s mmproved by simphfying the runtime mnvocation of extension
procedures For each direct or indirect generic operation, there is
a vector of addresses for the procedures that implement the cor-
responding operation More precisely, for each generic operation
on stored relations, there 1s a vector of procedures with an entry
for each relation storage method For generic operations on at-
tachments, there 1s a vector of procedures with an entry for each
attachment type Finally, for relation insert, update, and delete
operations, there are vectors of attached procedures with entries
for each attachment extension Storage method and attachment
mternal identifiers are small integers that serve as indexes into the
vectors or procedures For example, the base database system has
a storage method for implementing temporary relations and that
storage method 15 assigned the mternal identifier 1 The address
of the insert routine for the temporary storage method can be
found n entry 1 of the vector of storage method msert routine
addresses This approach makes the activation of the appropnate
extension quite efficient

Database management systems commonly maintain runtime descrip-
tors for relation and access path instances These descriptors contain
the meta-data needed to access the relation or access path instance
Instead of requiring each relation storage or access path to store
and access 1ts own descriptor data, the common system will maintamn
and manage relation descriptors Each extension supplies and in-
terprets the contents of its own descriptor data, but the common
system manages the composite relation descriptor and presents
extensions with their own meta-data during execution Thus strategy
allows the common system to fetch the relation descriptors from
the system catalogs at query compilation time and store them in
the query access plan It elmnates the need to access the catalogs
to obtain relation descriptors at run time

The relation descriptor 1s composed of a relation storage method
descriptor and descriptors for any attachments defined on the re-
lation nstance The structure of the relation descriptor 1s a record



whose header contains the storage method identifier and whose
furst field contains the storage method descriptor Each attachment
has an assigned identifier, and the descriptor for the attachment
with identifier N 1s found m field N of the relation descriptor If
there are no mstances of attachment type N defined on a particular
relation, then field N of that relation’s descriptor will be NULL
This encoding of the relation descriptor gives storage method and
attachment implementations wide latitude 1n designing their
encodings for describing relation and attachment instances It also
leads to efficient runtime selection of which storage method and
attached procedures to mvoke via the extension procedure vectors
However, note that this method for representing relation descriptions
effectively hmits the number of different attachment types to a few
dozen without beginning to mcur significant storage overhead for
the relation descriptor (since non-present attachments will requure
a few bytes in the record-onented relation descriptor format)

For example, the storage method descriptor for a simple relation
storage method would contain the identification of the file contamning
the records of the relation A B-tree index attachment descriptor
would contamn the identification of the file contaiming the B-trees
indexes of the relation, the number of B-tree indexes currently
defined, and a root page 1d plus a list of indexed fields for each
mndex A simple integrity constramnt extension descriptor would
contamn a (common service) encoding of the predicate to be tested
when records of the relation are inserted or updated More elaborate
extensions would have correspondingly more complex descriptors,
including embedded references to descriptors for other relations
whenever the extension mvolves multiple tables (e g, referential
mtegrity constramts or join indexes)

The execution of relation modification operations proceeds in two
steps The first step, using the storage method identifier from the
relation descriptor, calls the appropriate storage method modification
routine via the storage method operation vectors After completing
the storage method operation, the extensions attached to the relation
are nvoked via the attached procedures vectors Again, the relation
descriptor 1s consulted to determme which attachment types have
wnstances on the relation and must, therefore, be notified of the
relation modification The old record value is available to the
extension routines on updates and deletes, and the new record
value is available on updates and inserts The record key 15 available
on all record modification operations As mentioned earler, attached
extensions test the validity of the relation modification, and update
access path data structures to reflect the relation modification The
storage method operation or the procedurally-attached extensions
can abort the entire relation modification operation Common
system faciities will be used to undo the effects of completed
storage method and attachment modifications if the relation mod-
ification operation 1s aborted

It 1s also possible for an attachment instance to defer an action
until certamn transaction events occur such as "before transaction
enters the prepared state” or transaction commit Deferred action
queues are provided by common system services An attachment
mstance can place an entry on the queue that will cause an indicated
attachment procedure to be mvoked with the mdicated data when
the event occurs For example, certamn integrity constraints cannot
be evaluated when a single modification occurs but must be eval-
uated after all of the modifications have been made in the trans-
action When the mntegnty constramt attachment 1s activated as a
result of a modification to a relation on which the integnty con-
straint 1s defined, the attachment can place an entry on the deferred
action queue for the "before transaction enters prepared state"
event The entry would contain the address of the attachment
routine that should be mvoked to evaluate the mtegrity constraint
and a pomter to data that, in this case, describes the integnty
constramt that needs to be tested After all database modifications
have been made and before the transaction enters the prepared
state, the corresponding deferred action queue will be processed
The entry that had been queued earher will be removed and the
mdicated routme will be called and passed a pomnter to the data
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If the integnity constramnt 1s not satisfied then the transaction can
be aborted by the attachment

For data access operations, parameters of the operation select the
access path to be used Access path extensions are selected using
their attachment 1dentifier plus an instance number (e g, access via
B-tree number 3) Access path zero is interpreted as an access to
the storage method The internal interface for data access 1s um-
form across relation storage and access path extensions All accesses
take keys as mput and return keys and data Recall that relation
storage methods define "keys'" for their stored records, and that
access paths mamntain mappings from access path keys to record
keys Normally, access paths will return record keys that can then
be used to access the stored record directly via 1ts storage method
implementation

Compansons and Conclusions

There 1s currently considerable interest m the database research
commumty 1n developing methods and mechanisms to support da-
tabase "extensions” Projects mvolving database extension research
mclude the EXODUS project at the Umversity of Wisconsm
[CAREY86], POSTGRES at the Unmiversity of Califorma at Berkeley
[STONEBRAKERS86], ENCOMPASS at Tandem Computers [TAN-
DEMS83], PROBE at the Computer Corporation of America
[DAYALS8S5], GENESIS at the Umversity of Texas at Austin
[BATORYS86], and our own project, STARBURST, at the IBM
Almaden Research Center [SCHWARZ86] None of the other
projects support alternative implementations of relation storage,
although EXODUS supports alternative mappings of conceptual
relations onto their JUPITER storage system The EXODUS and
GENESIS systems are database generators or tool kits which sup-
port creation of DBMS instances tailored to specific applications
In contrast, the alternative implementations of the data management
extension architecture are designed to cohabit an integrated database
supporting multiple apphcations and cross-application usage EN-
COMPASS allows alternative implementations of relation storage
with sigmificant restrictions (e g , no updates, and only key-sequential
accesses)

Several of the extemsible database projects support access path
extensions POSTGRES, GENESIS, and EXODUS allow access
path extensions using common system (page-oriented!) recovery
and concurrency control faciities The data management extension
architecture gives both relation storage and access path implementers
more responsibiity and wider latitude in the selection and mmple-
mentation of recovery and concurrency control techniques In par-
ticular, record-level recovery and concurrency control, and partial
transaction rollback can and will be used by data management
extension implementations The "specialized processors" of PROBE
resemble the alternative implementations of the data management
extension architecture more closely than do the extension facilities
of POSTGRES, GENESIS, and EXODUS

The data management extension architecture, hke POSTGRES, 1s
targeted for use mn a full-function, relational database system
PROBE, EXODUS, and GENESIS do not assume a relational data
model or attempt the "vertical” integration of extensions mto all
levels of the database system By concentrating on extensions for
relational database constructs, the data management extension ar-
chitecture has ignored issues related to important data model ex-
tensions 1n the areas of data version management and non-normahzed
data models While these extensions are unportant, they are beyond
the scope of the data management extension architecture and would
require non-trivial modifications to the user interface

The mportance of extending traditional database management sys-
tems mto new application and hardware domains requires that 1t
be possible to extend the low level data management facilities of
the database system wath alternative relation storage methods and



new access paths and integrty constrants We have described a
data management extension architecture which facilitates the inte-
gration of new data management extensions into the database
management system The key to supporting data management ex-
tensions 1s to defme generic abstractions for relation storage and
access, and to view extensions as alternative implementations of
the generic abstractions The use of procedural attachment of
extensions to relation modification operations allows access path
and mtegrity constramnt extensions to participate, as needed, in the
relation modification operations Finally, careful defimition of com-
mon system services allows extensions to participate in system
events and to be properly coordinated duning transaction recovery
and rollback

The ntegration of data management functions into the database
management system 15 simplified by the proposed extension archi-
tecture while, at the same time, avoiding excessive overhead due
to the close coupling of the extensions to the operations they
support and to the common service facilities they requre The
extended relation descriptor design gives extension implementations
considerable flexibility 1n their representation of the meta-data they
need to access and manage extension representations, and simplifies
extension implementations by providing a common descriptor man-
agement factlity

The data management architecture descnibed n this article 1s cur-
rently being implemented as part of the Starburst database project
[SCHWARZS86] at the IBM Almaden Research Center It is our
mtention to exploit the flexibility of the data management extension
architecture to experiment with apphication-specific extensions and
to test alternative implementations of "standard"” storage and access
paths

There are, of course, other directions in which 1t 1s important to
be able to extend database management systems In particular,
user-defined abstract data types need to be addressed Also, we
will investigate mechanisms for extendng the repertowre of query
evaluation techmques available to the query planning and execution
facihties By constructing an expermmental database management
system that can host multiple implementations of the basic relational
database abstractions, we will have an opportunity to evaluate the
performance and utility of alternative data storage and access tech-
mques within the uniform context of the Starburst database
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