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Abstract. Active database systems have been a hot re-
search topic for quite some years now. However, while
“active functionality” has been claimed for many sys-
tems, and notions such as “active objects” or “events”
are used in many research areas (even beyond database
technology), it is not yet clear which functionality a
database management system must support in order to
be legitimately considered as an active system. In this
paper, we attempt to clarify the notion of “active data-
base management system” as weil as the functionzlity
it has to support. We thereby distinguish mandatory
features that are needed to qualify as an active database
system, and desired features which are nice to have. Fi-
nally, we perform a classification of applications of ac-
tive database systems and identify the requirements for
an active database management system in order to be
applicable in these application areas.

Preamble

Database systems have been accepted as a vital part of
the information system infrastructure in industry, com-
merce, public administration and in society in general.
They can be considered a mature technology whose
characteristics have been well-covered in past manifes-
tos on, e.g., RDBMS and 0coDBMS. All manifestos,
textbooks and user views alike have accepted as a fact
that database systems arc monolithic sysiems that pro-
vide across a uniform interface an extremely wide
range of services. However, such a view raises more
and more doubts at a time when new applications as
well as technological innovations continuousiy seem to
impose further functional requirements on database
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systems, thus slowly turning them into dinosaurs,
while enterprises in industry and administration break
up their monolithic organization into smaller units with
a fair degree of autonomy, and thus replace tight inte-
gration by looser forms of communication and cooper-
ation.

One may argue that informatics has an obligation to
follow the decentralization and concentration on core
competences of organizations, by likewise breaking up
its traditionally monolithic information systems into
smaller units which operate on looser forms of com-
munication and cooperation. The process seems appli-
cable to DBMS as well and is variously referred to as
the “unbundling” of DBMS functions. Witness special-
ized architectural developments such as middleware,
data dictionaries, mediators, transaction monitors. If
successful, DBMS with a prescribed range of services
could then be constructed by “(re)bundling” compo-
nents with the appropriate functional specializations.

This manifesto concerns itself with bundling into
DBMS one particular functionality. Case-by-case co-
operation among autonomous and semi-autonomous,
loosely-coupled system components must be based on
some mechanism that allows these components to be-
come aware of what is happening around them. This is
particularly true if database systems and (high-level)
telecommunication technologies enter into a close liai-
son due to global networking, global information ser-
vices, and the distribution of applications. Even if
some of the needed awareness may be due to classical
communication mechanisms, in the final analysis they
must all be based on the notion of “‘event” which is ei-
ther raised (pro-activity) or responded to (re-activity).
Events, and responses to them, will therefore become a
pradigm (perhaps the basic paradigm) of future infor-
mation systems.

Since we consider this a general phenomen of in-
formation systems, DBMS technology has no choice
but to focus its efforts on the event-response paradigm.
In other words, all future DBMS — be they relational,
object-oriented, or otherwise — must exhibit some ac-
tive functionality. Indeed, there have been develop-
ments in the past in which first experiences have been
gained with the event-response mechanism, even
though this occurred in the narrower focus of events
raised by internal changes to the database proper.
These systems — referred to as Active Database Man-
agement Systems (ADBMSs) — have reached a degree
of maturity that suggests, and justifies a summary of its
characteristics in a new manifesto. They should thus be
able to act as a benchmark from which new develop-
ments in the general direction mentioned above could
evolve.
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1 Introduction

ADBMSs [e.g., 5, 16] have over the past years become
a very attractive database research topic. Many difier-
ent systems and models have been proposed which
claim to be “active”. However, it is still unclear what
the term “active database management system” really
means. Under which condition can you legitimately
claim that your system is “active”?

Authors often define the term ADBMS along the
lines of “being able to react automatically to situations
in the database and beyond” or “allowing the specifica-
tion and implementation of reactive behavior”. Some
of these definitions are not very precise, and often there
is no broad agreement on how to explain the term “ac-
tive”. This may be due to the fact that the proposals for
systems and architectures have preceded the formal
and conceptual groundwork.

In this paper, we describe what, in our opinion, the
characteristics are that a database management system
must exhibit in order to be legitimately called “active”.
In doing so, our yardstick is an ADBMS that is practi-
cally useful for real-life applications (instead of a
mega-system justifying all the fancy research concepts
ever invented).

Two problems have been encountered while trying
to define essential characteristics:

1. Many different ADBMSs and systems with some
sort of “active functionality” have been defined so
that simply taking the commonalities among these
systems as the definition of an ADBMS would eas-
ily result in a collection of general and meaningless
statements.

2. For a deeper understanding of ADBMSs and may-
be different classes thereof, it is useful to look at
their intended application domains and the facilities
they require. Otherwise, the implications of specific
system characteristics are difficult to grasp. For in-
stance, is it mandatory for an ADBMS to support
composite events? The answer is that for some “re-
active” applications composite events are needed,
for others they may be convenient to have, and
again for others they are not needed at all. The
same holds for coupling modes — not all conceiv-
able coupling modes are required for simple appli-
cations.

Concerning the second observation, note that the de-

velopment of ADBMSs is motivated by the application

areas in mind, probably even more so than has been the
case for object-oriented DBMSs. We therefore think
that one cannot simply abstract from the application
domains when defining ADBMSs. Instead, we propose
to specify some general features required for all
ADBMSs and to define more specific features depend-

ing on the application domains the system in question
is appropriate for (similar to the classification of ob-
ject-oriented DBMSs [9]).

The remainder of this paper is organized as follows.
The next section introduces the terminology and basic
concepts of ADBMSs, while section 3 describes re-
quired characteristics of ADBMSs. Section 4 introduc-
es a classification of ADBMSs based on the
requirements of the types of intended application do-
mains.

2 Terminology

Before we introduce the characteristics of an
ADBMS, we establish a common terminology.

A database management system (DBMS) is a soft-
ware system for reliably and efficiently creating, main-
taining, and operating large, integrated, multi-user
databases. It implements storage and retrieval of data,
secondary storage management for large sets of objects
(including access paths, clustering, etc.), concurrency
control, and recovery. The collection of data including
secondary information is stored in the database. The
structure of the database is defined by the database
schema. Schemas are specified by using the data defi-
nition language (DDL), and access to the database is
by means of a data manipulation language (DML).
Both together represent a so-called data model. Final-
ly, a database system (DBS) is a DBMS together with
a concrete database.

In a nutshell, ADBMSs extend *“passive” DBMS
with the possibility to specify reactive behavior. Be-
low, we introduce the concepts relating to the specifi-
cation and implementation of this additional DBMS-
functionality.

ECA-rules (event-condition-action rules) consist of
events, conditions and actions. The meaning of such a
rule is: “when an event occurs, check the condition and
if it holds, execute the action”. Other terms are used
synonymously in active database systems, for example
triggers.

Once a set of rules has been defined, the active data-
base system monitors the relevant events. Whenever it
detects the occurrence of a relevant event it notifies the
component responsible for rule execution of it. We call
this notification the signalling of the event. Subse-
quently, all rules which are defined to respond to this
event are triggered (or fired) and must be executed.
Rule execution incorporates condition evaluation and
action execution. First, the condition is evaluated and if
it is satisfied, the ADBMS executes the action.

In analogy to a data definition language which sup-
ports the modeling of data structures (and behavior in
the case of object-oriented DBMS), an ADBMS pro-
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vides a rule definition language as a means to specify
ECA-rules. The language consists of constructors for
the definition of rules, events, conditions, actions and
execution constraints. The rulebase of an ADBS con-
tains meta information on defined ECA-rules.

In addition to rule specification and event detection,
an ADBMS has to support rule execution. It thus needs
an execution model. An execution model determines
when rules are executed, and which properties rule ex-
ecution has.

In general, events occur within transactions, and
rules are executed within transactions. The execution
model thus has to suit the transaction model of the
DBMS. If in a transaction an event occurs that triggers
a rule, then this transaction is called the triggering
transaction. If the rule is executed in one or more
transactions, these are called triggered transactions.

The execution model defines the relationships be-
tween triggering and triggered transactions in terms of
commit and abort dependencies, and the semantics of
rule execution with respect to concurrency control and
recovery. The most common framework for specifying
these relationships are nested transactions [13]. With
respect to dependencies, a triggered transaction is ei-
ther a subtransaction of the triggering transaction, or it
is independent from the triggering transaction. In the
latter case, rule execution means spawning a new trans-
action tree. With respect to execution semantics, the
execution model determines the time when a triggered
transaction is executed with respect to the triggering
transaction or event. The triggered transaction can be
started immediately after the event has been signalled,
or at the end of the triggering transaction (i.e., directly
before commit).

3 Characteristics of ADBMSs

In this section we describe the features any full-fledged
ADBMS must/should have, regardless of its applica-
tion area.

3.1 ECA-Rule Definition Features

Feature I: An ADBMS is a DBMS.

All the concepts required for a passive DBMS are re-
quired for an ADBMS as well (“passive” modeling fa-
cilities, query language, multi-user access, recovery,
etc.). That means, if a user ignores all the active func-
tionalities, an ADBMS can be used in exactly the same
way as a passive DBMS.
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Feature 2:  An ADBMS has an ECA-rule model.
An ADBMS extends a passive DBMS in that it sup-
ports reactive behavior. Reactive behavior must be
specifiable/definable by the user. The means to define
rules are called the ECA-rule model (together with the
data definition facilities they are sometimes also called
the knowledge model [7]). Seen the other way, the
DBMS-interface (e.g., the data definition language) is
extended or complemented by operations for defining
rules.

The use of ECA-rules implies the following three
features:

Feature 2.a: An ADBMS has to provide means for
defining event types.
An event type (synonymously: event description, pat-
tern, definition) describes situations to which a reac-
tion must be shown. An event type can be primitive or
composite. Primitive event types define elementary oc-
currences that are of interest; poscible primitive event
types are method invocation, data item modification,
transaction operation, abstract, and time event types. In
general, we require that —wherever meaningful — be-
fore and after events can be defined. In case of data-
base operations, for instance, a before event is
signalled directly before the operation is actually exe-
cuted. An after event is signalled directly after the op-
eration has been performed. The event types supported
should at least subsume the DML-onerations and trans-
action statements. This means that, e.g., , the update of

. a specific relation can be defined as an event of inter-

est.

Composite event types are defined as combinations
of other primitive or composite events using a set of
event constructors such as disjunction, conjunction, se-
quence, etc.

Event occurrences are the instances of event types.
Such an occurrence is conceived as a pair (<event
type>, <timestamp>) where <event type> denotes the
event type of the occurrence, and <timestamp> repre-
sents the point in time when the occurrence actually
took place. The timestamp of composite event occur-
rences is determined based on information about their
component events, e.g., the point of time when the last
component occurred.

In general, the point in time when an event occurs
is a parameter of the event occurrence. Further parame-
ters are possible, such as the transaction in which an
event occurs, or the name of the user who has started
this transaction.

In the case of composite events, event restrictions
specify conditions the components must fulfill in order
to form a (legitimate) composition. One way to specify
such restrictions are predicates on the event parameters
(such as the timestamp), but mcre general predicates
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are possible. For instance, it may be required for a
composite event that all of its components occurred
within the same transaction, or all refer to operations
on the same data item.

Feature 2.b: An ADBMS has to provide means for
defining conditions.
A condition formulates in which state the relevant part
of the database has to be in order to execute the action,
i.e. it shows what must be checked. It is checked after
the rule has been triggered. A condition may be either
a predicate on the database state like the “where”- part
in an SQL-statement, or a database query with an emp-
ty or non-empty result. The condition is satisfied if ei-
ther the result evaluates to true or is non-empty.
Feature 2.c: An ADBMS has to provide means for
defining actions.

An action formulates the reaction to an event and is ex-
ecuted after the rule has been triggered and its condi-
tion determined to hold. An action may contain data
modification or data retrieval operations, transaction
operations like commit or abort, call of arbitrary proce-
dures/methods, etc. It should at least be possible to use
DML-commands in actions, including transaction
commands (e.g., to abort the triggering transaction).

Feature 3: An ADBMS must support rule manage-
ment and rulebase evolution.

The following three functionalities are essential with

respect to rule management.

Feature 3.a: An ADBMS has to support rulebase
management.

The set of rules defined at a given point in time forms
the rulebase. The rulebase should be managed by the
ADBMS. In other words, definitions of ECA-rules are
a part of the DBMS meta information and the database.
The ADBMS should store information about which
rules currently exist (and how they are defined). This
stored information on ECA-rules should be visible to
users and applications. i

Preferably, the ADBMS represents meta-informa-
tion on rules in terms of its underlying data model as a
part of the catalogue. In this case, users and applica-
tions can retrieve information about rules from the cat-
alogue in the same way as information about the
“passive” schema can be retrieved (i.e., relations,
classes, etc.).

Feature 3.b: An ADBMS has to support rulebase
evolution.

The rulebase must be changeable over time: it is nei-

ther sufficient to support only a fixed set of ECA-rules,

nor is it appropriate to support reactive behavior only

as ECA-rules that are hard-wired into the DBMS code.

An ADBMS must therefore allow new ECA-rules to be

defined and old ones to be deleted. It should also be
possible to modify event, condition, or action defini-
tions of existing rules.

Feature 3.cc  An ADBMS has to support enabling

and disabling of rules.

Rules can be disabled and enabled. Disabiing a rule
means that the rule definition remains in the rulebase,
but that it will not fire upon subsequent occurrences of
its event. Enable is the inverse operation to disable: en-
abling a disabled rule means that the rule will from
now on fire again upon occurrences of its event.

Variations of ECA-rules. Although the general and
preferred form of active rules are full ECA-rules, spe-
cial cases may occur:

¢ Omission of condition part (EA-rules): Whereas the
event part is mandatory, the condition part might be
omitted. We refer to this situation as eventi-action
rules. In this case, however, it should be possible to
specify conditions as parts of actions.

* Implicit events (CA-rules): In some cases it may be
useful to let a compiler or the ADBMS itself gener-
ate the event definition. In this case, we say that the
event is defined implicitly. The user then specifies
conditions and actions, and the ADBMS deter-
mines the event automatically (e.g., consider a con-
sistency enforcement mechanism where only
constraints and repairs are specified, but the system
internally uses events signalled upon meodification
of data items to determine when the consistency
constraint has to be checked). Nevertheless, the
ADBMS also has to offer the possibility for the
user to define events explicitly at the ADBMS-in-
terface. If explicitly definable events are not provid-
ed, ECA-rules are nothing but an internal
implementation mechanism for tasks thai could
also be implemented *passively”, and there is no
general support for reactive behavior.

3.2 ECA-Rule Execution Features

Feature 4: An ADBMS has an execution model.

Feature 4.a: An ADBMS must detect event occur-
rences (situations).

Ideally, an ADBMS detects event occurrences of all
sorts automatically. Less ideally, there are some occur-
rences that are not detected by the ADBMS and, hence,
have to be explicitly signalled by the user/application.
If in the extreme application programmers or users are
responsible for the correct signalling of all sorts of
events, this system is just a syntactic variant of a pas-
sive DBMS (although users may in addition to other
things also have the right to signal events).
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Feature 4.b. An ADBMS must support binding
modes.

Event occurrences are typically bound to data items
(i.e., an event is bound to the data item for which the
event occurred). The kind of binding determines the
granularity of events as well as the data items that con-
ditions and actions of rules associated to the event can
refer to. Different kinds of bindings have been pro-
posed [14]: instance-oriented binding means that the
particular instances (e.g., tuples or single objects) for
which an event occurred can be referred to by condi-
tions and actions. If the same event is bound to several
instances within a collection, then the associated rule is
executed for each of the instances separately. If the
binding is set-oriented, then an event occurrence is as-
sociated with a set of instances for which the particular
event occurred (e.g., all modified tuples of a relation).
In this case, an associated rule is executed only once
for all the instances the event occurrence is bound to.
Conditions and actions can then refer to this set of in-
stances. In both cases, if the binding is prior, then the
condition can also refer to the state of instances prior to
the event occurrence.

Ideally, the ADBMS supports the choice of the
binding mode on a per rule basis. Alternatively, the
binding mode is fixed and hard-wired in the system.
Feature 4.c: An ADBMS must be able to evaluate

conditions.
An ADBMS must be able to evaluate conditions subse-
quent to event detection. For practical cases it is neces-
sary to pass information from events to conditions. If
an event has occurred for a specific object or a set of
tuples in a relation, it must be possible to refer to this
information in the condition.
Feature 4.d: An ADBMS must be able to execute
actions,
An ADBMS must be able to execute actions upon
event detection and after the condition is known to
hold. It must be possible to pass information from the
event and condition to the action (e.g., information on
the object for which the condition held). It should be
possible to execute actions as part of the triggering
transaction, and as such the action execution should be
subject to concurrency control and recovery.

Feature 5;: An ADBMS must offer different cou-
pling modes.

The two relationships between triggering and triggered

transactions mentioned in the terminology section (the

point in time when the triggered transction starts with

respect to the triggering one as well as dependency of

the triggered transaction on the triggering one) are usu-
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ally specified through coupling modes. The originally

proposed ones [12] are:

* immediate: the triggered transaction is executed di-
rectly after the event has been signalled.

* deferred: the triggered transaction is executed at the
end of the triggering transaction, but before it com-
mits.

* decoupled: the triggered transaction is started as a
separate transaction.

In the first two cases, triggered transactions are essen-
tially subtransactions of the triggering transaction. In
the decoupled case, the triggered transaction can be
started directly after event signalling, but it is indepen-
dent from the triggering transaction. Especially, the
commit and abort dependencies as present in the im-
mediate and deferred cases do not exist in the de-
coupled case. A decoupled transaction can commit or
abort regardless how the triggering transaction termi-
nates. Additionally, the triggered transaction runs con-
currently to the triggering one.

Further coupling modes have been proposed in the
literature. In [8], the decoupled case is subdivided into
causally dependent and independent transactions. In
the first case, the triggered transaction can commit
only if the triggering transaction also commits, and is
serialized after the triggering transaction. The causally
dependent coupling mode has been refined in [3]. Two
new subcases of this coupling modes are proposed: the
sequential causally dependent mode means that the
triggered transaction can only start after the triggering
one has committed. In the exclusive causally depen-
dent mode, the triggered transaction may commit only
if the triggering one has failed.

Immediate and decoupled coupling mode are the
bottom line. Further coupling modes are optional yet a
prerequisite for certain application areas (see section
4).

Feature 6: An ADBMS must implement consump-
tion modes.

If composite events are supported by the ADBMS,
event consumption must be implemented, too. Event
consumption determines which component events are
considered for a composite event, and how event pa-
rameters of the composite event are computed from its
components. Different application classes may require
different consumption modes, such as "recent”,
"chronicle", "continuous”, and "cumulative" [4]. Either
an ADBMS follows a fixed strategy for event con-
sumption (whereby the bottom line is given by the
“chronicle” mode), or it offers a choice out of a collec-
tion of consumption modes.
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Feature 7: An ADBMS must manage the event his-
tory.

The event history or history consists of all occurrences
of the defined event types (including components of
composite events). Such an event history exists for any
operational active database system. The history begins
at the point in time when the first event is detected. The
history may last over many sessions and over several
transactions. Thus, a persistent event history is re-
quired whenever it should be possible to signal a com-
posite event based on events that have occurred during
different application sessions or transactions.

The notion of event history also defines the lifetime
of event occurrences. Minimally, the event history
stores only those occurrences that can still be used for
event composition. In this case, no occurrence is persi-
stent if composite events are not supported, or only
those occurrences persist that might contribute to com-
posite event occurrences sometime in the future. One
step further, it can be specified by the rule designer on
a per event type basis how long event occurrences
should persist. In this case, the event history can be
used for further tasks such as monitoring and tracing
(see below).

Feature 8: An ADBMS must implement conflict
resolution.

It can happen that multiple triggered transactions are to
be executed at a given point in time. The ADBMS
must then perform conflict resolution, i.e., either deter-
mine a serial order in which these triggered transac-
tions are executed or control their concurrent execution
in some way. Since conflict resolution typically de-
pends on the semantics of the rules (which in general is
only known by the user), the rule specifier must have
the opportunity to define how conflicts are resolved,
e.g., by means of priorities. If the user, however, does
not want to define conflict resolution, he/she is not
obliged to do so, and the ADBMS will either deter-
mine some order or execute rules non-deterministical-
ly. Priorities are one possibility for conflict resolution
in ADBMSs [1].

3.3 ADBMS-Usability and Application
Features

Feature 9: An ADBMS should support a program-
ming environment.

It goes without saying that an ADBMS must be usable.

The bottom line for usability is the availability of a rule

definition language (which of course, may be part of

the DDL.; see Feature 2 above). In order to assist the
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user in beneficially using the ADBMS, a number of
tools should be provided:

¢ arule browser,

¢ arule designer,

* arulebase analyzer,

¢ adebugger,

* a maintenance tool,

¢ atrace facility, and

e performance tuning tools (see below).

These tools may be separate tools dedicated for an
ADBMS-programming environment, or may be exten-
sions of already existing DBMS- or CASE-tools. Note
further that it is not intended to require that all tools are
separate systems, we are simply interested in their
functionality.

A rule browser allows inspection of the set of cur-
rently existing rules. The rulebase extends the cata-
logue (or data dictionary) in passive DBMSs, since it
contains meta-information on defined ECA-rules.
Clearly, when defining ECA-rules the possibility to
survey which rules have already been defined is essen-
tial.

The ADBMS should offer a design tool that assists
users in defining new rules. Such a tool support is cru-
cial when the reactive behavior as required by the uni-
verse of discourse has to be systematically mapped
into ECA-rules. This support is possible in two not
necessarily mutually exclusive ways: either a general
design tool also covers ECA-rule design, or the reac-
tive behavior is specified using dedicated high-level
languages (e.g., a constraint definition language).

A rulebase analyzer is a tool that allows certain
properties of the currently existing rulebase to be
checked. Examples of such desired properties of rule
sets are termination, confluence, and observably deter-
ministic behavior [2]. If the ADBMS supports cascad-
ed rule execution, it is important to ensure that rule
execution terminates under all circumstances. Together
with the other properties, termination ensures that the
current rulebase is safe and correct with respect to the
intended reactive behavior. In general, these properties
cannot be proven automatically, but an analyzer might
assist a DBA in proving them or at least in detecting in-
consistencies.

A debugger is a tool that allows the controlled exe-
cution of rules (and applications) and helps to check
whether the rulebase implements the required reactive
behavior adequately. Thus, in contrast to proving prop-
erties with an analyzer, a debugger supports test-modi-
fy cycles.

A maintenance tool for an ADBMS supports the
user in performing rulebase evolution. In addition to
the rule definition facility, it supports deletion and
modification of existing rules. This leads to a more in-
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tegrated environment which must combine the previ-
ous tools to check whether these modifications change
the behaviour of the rulebase or not.

Finally, a trace tool is a facility that records event
occurrences and rule executions, such that a DBA? is
able to inspect which actions the ADBMS has trig-
gered automatically. If such a tool is not supported, the
ADBMS might perform actions that users never be-
come aware of.

Feature 10: An ADBMS should be tunable.

An ADBMS must be useful in its application domain.
Especially, the ADBMS solution must not show signif-
icant performance degradation as compared to equiva-
lent solutions on top of a passive system. Besides
recent experience reports [15] and benchmarking re-
ports for object-oriented ADBMSs [11], there is little
experience with current ADBMSs on how to measure
their performance systematically. However, it is appar-
ent that a practically useful ADBMS should offer the
possibility to tune its rulebase (whereby of course the
semantics of the rules should not change due to tun-
ing!). A feasible approach might be the equivalent to
the three-schema-architecture [10]: at the external lev-
el, user- or application-specific rules are specified (e.g.,
for consistency constraints), the conceptual level con-
tains all rulcs relevant for the community of all users/
applications, and the internal level specifies the imple-
mentation details. The internal level should then pro-
vide for the means for performance improvements, and
all details concerning efficient rule execution are cap-
tured on this level.3 This approach may lead to a strong
coupling between the design tools and the ADBMS it-
self, providing a complete methodology for design and
implementation of active rules.

4 A Classification of ADBMSs

The various characteristics discussed in section 3 still
leave some choises and, hence, some latitude on how
to integrate them into an ADBMS. In other words,
there are various ways on how to “bundle” their func-
tionalities into an ADBMS. If one attempted a classifi-
cation into some standard bundles, the only
conceivatle way to do so seems to consider application
classes, to determine their requirements, and then to
identify classes of ADBMSs that are appropriate for
these application classes. In this way, we determine ap-
propriate and required realizations of the features de-

2. DataBase Administrator
3. In other words, :n analogy to passive DBMSs we require
physical database design for ADBMSs.
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scribed above (much like the description of dimensions
and possible instantiations [14]).

We classify ADBMSs according to the role they are
able to play in an information system, i.e., we discuss
which functionality an ADBMS should exhibit in order
to meet given requirements of certain types of applica-
tions. For that matter, we consider two dimensions:
¢ the role of the ADBMS in an information system

(monitoring or control), and
* the degree of integration of the information system

(homogeneous or heterogeneous).

Monitoring means that the ADBMS verifies requests
for database operations against the database (or vice
versa), and eventually performs simple actions (e.g.,
notification, transaction abort, update propagation). An
ADBMS that controls the information system is in ad-
dition, able to trigger external functions, e.g., applica-
tion programs. In this case, the ADBMS is able to
control the behavior of the entire application environ-
ment (and not only the state of the database), and can
do so possibly over a period of time spanning many
sessions.

We call an information system “homogeneous” if
all of its components are applications of the ADBMS
in question, i.e., they share a common schema and
common databases. Otherwise, we say that the applica-
tion is “heterogeneous”. Particularly, the ADBMS may
have to control systems that are implemented on top of
other platforms. Combining these dimensions leads to
four classes of ADBMSs.

Below we investigate three of them in more detail;
the combination monitoring/heterogeneity is not re-
garded as meaningful for the following reasons: first,
in order to monitor valid requests/database states in a
heterogeneous system (e.g., with foreign data sources),
one would rather need active mechanisms in the exter-
nal systems than in the monitoring ADBMS. Second, a
monitoring ADBMS would typically not be able to re-
ject requests and database states in external systems.
Instead, “real” actions would be triggered, e.g., to rees-
tablish consistency in external data sources, which in
turn would then be classified as control.

4.1 ADBMSs for Monitoring in
Homogeneous Information Systems

In the simplest case, an ADBMS is required to monitor
database states in homogeneous information systems.
Such an ADBMS recognizes certain user/application
requests and verifies them against the database state (or
verifies the database state against the most recent ap-
plication requests). In this case, the user/application is
responsible to enforce the semantic rules defining and
constraining the behaviour of the entire information
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system. Despite its ability to notify the user (e.g., print-
ing messages on the console) and to abort transac-
tions, the ADBMS has no control over the information
syster, i.e., it will not cause complex application pro-
grams to execute.

In this scenario, ADBMS technology is useful for
implementing the “usual” DBMS tasks, e.g., (simple)
consistency constraint enforcement, authorization, up-
dates of materialized views, etc.). Note that some of
these DBMS tasks might use the active functionality
only internally as an implementation mechanism that
might also be provided in a “passive” way. The benefit
of active functionality is then the uniformity and mini-
mality of implementation concepts, but not the support
of functionality that wculd not be possible otherwise.

The kinds of events such an ADBMS can detect are
given by the data model, it specifically does not need
composite events. Thus, maintaining the event history
is not necessary. For conditions, it is sufficient to query
the database state and the data dictionary, and actions
are DML-commands (including transaction abort).

In general, composite events etc. are not necessarily
required, but may be beneficial in some situations. De-
pending on the concrete application in mind, different
kinds of execution semantics may be necessary (the
coupling mode deferred for consistency mainte-
nance, immediate for authorization). For (advanced)
consistency maintenance, deltas (“before values”) are
required.

Not all the functionality required for a given appli-
cation class might be implementable in this way. How-
ever, we would claim that in most cases the
aforementioned ADBMS characteristics are sufficient.
See Table 1 for a summary of the ADBMS features re-
quired by this application class.

Feature Instantiation
Events (2.a) DML-opearations, not
necessarily composite
Conditions (2.b) predicates on database
state / queries
Actions (2.¢) DML -action, user notification

Rule management (3) create/delete, enable/disable

Coupling modes (5) at least immediate, deferred

Consumption modes (6) { chronicle

Execution under local control

Table 1. ADBMSs for Monitoring in Homogeneous
Information Systems
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4.2 ADBMS:s for Control in Homogeneous
Information Systems

The second class is formed by ADBMSs that are capa-
ble of controlling not only the database, but also its en-
vironment (i.e., the applications). ADBMSs in this
class are characterized through their ability to control
“tightly integrated applications”. All the application
programs use the same schema, transaction model,
DML, etc. Particularly, it is possible to run all triggered
activities under the control of the local (ADBMS-)
transaction manager.

The role of the ADBMS in the entire information
system is then to enforce the “business rules” pertain-
ing to the application domain. An example application
domain for this type of ADBMS are stock trading in-
formation systems.

It is required that the ADBMS is able to encode (at
least a substantial part of) the information about the ap-
plication environment in the form of ECA-rules. The
ADBMS is able to detect states or sequences thereof of
the information system and to perform automatic reac-
tions, including the automatic spawning of application
programs. Applications are tightly integrated, and the
active mechanisms are part of the homogeneous
DBMS underlying the information system.

Everything that is provided by the first class of
ADBMSs must be available in this kind of system, too.
Additionally, in order to control the DBS environment,
including the applications, more event types are neces-
sary (e.g., time events). The ADBMS has to keep track
of the relevant part of the event history, and must also
be able to evaluate restrictions on this event history.
Technically speaking, composite events, event restric-
tions, and monitoring intervals (or equivalents thereof)
must be provided. Composite events are necessary in
order to control and monitor complex sequences of sit-
uations in the DBS-environment. Composite event re-
strictions (such as referring to the triggering
transaction —‘‘same transaction”—) must also be pro-
vided. Likewise, a broad variety of rule execution se-
mantics must be supported (i.e., when the rule is
executed, and how its execution relates to the trigger-
ing transaction). Thus, the coupling modes immedi-
ate, deferred, and decoupled are the bottom line.

See Table 2 for a summary of the ADBMS features
required by this application class.
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Feature Instantiation
Events (2.a) DML-operations, external events,
composite
Conditions (2.b) boolean function, including predi-

cates on database state / queries

Actions (2.c) DML-action, user notification,

external programs

Rule create/delete, modification,
management (3) enable/disable

Coupling modes (5) | at least immediate,
deferred, decoupled

Consumption choice, including chronicle
modes (6)
Execution under local control

4.3 ADBMS:s for Control in
Heterogeneous Information Systems

The third class is formed by ADBMSs that are capable
of integrating possibly heterogeneous and autonomous
systems. The active mechanism enables the ADBMS
to perform control of such heterogeneous, loosely inte-
grated component systems.

Example application domains where this kind of
ADBMS functionality would be helpful are advanced
workflow management systems, reactive behavior in
heterogeneous DBSs, real-time plant control systems,
and process-centered software development environ-
ments.

In addition to the capabilities of the second class
described above, such an ADBMS has to be able to de-
tect situations in other information systems (which
themselves may be based on other DBMSs), thus af-
fecting the event definition and detection facilities. It
might also be necessary to detect events from external
devices.

Most important, powerful rule execution mecha-
nisms are necessary, since it might be the case that trig-
gered actions cannot be executed under the control of
the local transaction manager. The rule execution mod-
el must support complex relationships among applica-
tion steps (e.g., compensation, ordering of application
steps, dependencies).

Furthermore, if such an ADBMS is intended for

real-time applications, it should support the specifica- .

tion of timing constraints for rule executions. The rule
definition should also comprise contingency actions,
which are executed whenever the timing constraint of a
rule cannot be met. Clearly, an ADBMS for real-time
applications should also possess the properties re-
quired for a “‘passive” real-time system.
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Summarizing, in this type of ADBMS parts of the
“middleware” can be moved into the DBMS, i.e., the
active mechanism contributes to implementing the
middleware in the ADBMS. Since the ADBMS:s of this
ciass are intended for loosely-coupled, possibly hetero-
geneous systems, their integration into software archi-
tectures that aim at mediation in such environments
should be possible. Especially, it should be possible to
integrate ADBMS-functionality into OMG’s CORBA
architecture [6]. Relevant services provided by the
ADBMS would then refer to event definition, registra-
tion, notification, etc.

See Table 2 for a summary of the ADBMS features
required by this application class.

Feature Instantiation
Events (2.a) DML.-operations, external events,
composite
Conditions (2.b) boolean function, predicates on data-

base state

Actions (2.¢) DML-action, user notification, exter-

nal programs, contingency actions

Rule create/delete, modification,
management (3) enable/disable

Coupling immediate, deferred, decou-
modes (5) pled, causal dependencies
Consumption choice, including chronicle

modes (6)

Execution not fully under local control

—

Table 2. ADBMSs for Control in Heterogeneous
Information Systems

5 Conclusion

In this paper, we have described what we regard the
current confluence of perceptions of “active database
management system”. We identified the critical fea-
tures, and attempted to identify “classes” of ADBMSs
with respect to the application classes they are useful
for.

Several systems already exist that exhibit most of
these features, and commerical products come more or
less close to what has been identified by this manifesto
as requirements. As far as the conceptual state of the
art is concerned, ADBMS technology thus seems quite
mature. Nevertheless, a large bulk of work remains to
be done, particularly to provide for systems that imple-

_ment these features in a robust, efficient and well-de-

fined way, and to gather practical experience such that
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users may employ ADBMS technology in a systematic
manner for applications for which ADBMSs appear
useful.
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