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Abstract

A formal framework is introduced for studying the semantics
and expressiveness of active databases. The power of various
abstract trigger languages is characterized and related to
several major active database prototypes such as ARDL,
HiPAC, Postgres, Starburst, and Sybase.

1 Introduction

In the past few years there has been tremendous inter-
est in active database systems. Active databases pro-
vide “trigger systems” that execute actions in response
to specified events. A wealth of active database mod-
els have been proposed and several major prototypes
produced [CCCR190, Coh86, Han89, MD89, SKdM92,
SIGP90, WF90] (see also [WCD95]). However, foun-
dational work in this area is still scarce (e.g., see
[AWH92, BM91, HJ91a]). The aim of the present paper
is to develop a formal framework for active databases
and use it to investigate several basic issues relating to
their semantics and expressiveness. We consider ques-
tions such as: how should one define the semantics of
a trigger system? When are two trigger systems equiv-
alent? Which programming constructs encountered in
practical trigger systems are central to their expressive-
ness, and which are cosmetic? And, are there semantic
properties that are desirable for trigger systems?
There is a wide range of possible events and actions.
These can be used for various purposes, from constraint
maintenance [CW90, CTF88, Mor83] or incremental
view maintenance [CW91], to real-time monitoring
of temperature in nuclear plants. In the model we
introduce, we focus on the common situation where
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the events and actions are updates to the database, as
in practical systems such as ARDL [SKdM92], HiPAC
[D+88, HLM88, MDB89], Postgres [Sto86], Starburst
[WF90, Wid91], Sybase [Syb87], etc. The basic scenario
here is the following. External programs issue updates
to the database. The active database monitors these
updates and periodically performs actions in response
to specified update events. The actions result in further
updates. The control is passed back and forth between
the external program and the trigger system of the
database according to some discipline. Active database
semantics is typically specified in highly procedural
terms by the “execution model” of the system. The
final update of the database results from the combined
effect of the external program and the trigger system.

To capture this scenario, we begin by introducing an
abstract model for active databases based on “relational
machines”. These are Turing Machines augmented with
a relational store. The Turing component interacts
with the store via first-order queries and updates.
Relational machines were introduced in [AV91b, AV95]
to capture computations in the spirit of C+SQL, where
a database language is embedded in an arbitrarily
powerful programming language. In our model, a
relational machine represents a given trigger system.
External programs are also represented by relational
machines, with triggering states that transfer control
to the trigger system. We take the semantics of a
trigger system to be the transformation whose input is
an external program and whose output is the database
update resulting from the execution of the external
program in conjunction with the trigger system. This
definition of semantics induces a notion of equivalence
of trigger systems: two trigger systems are equivalent
if they have the same transformational semantics over
all relational machines. If the external programs use
a restricted language, a weaker notion of equivalence
relative to a language becomes natural.

Note that the above semantics for triggers mixes ap-
ples and oranges: the input is a program and the output
is an update. Unfortunately, this cannot be avoided:
trigger systems are sensitive to syntactic variations in



input programs. This is disturbing for various reasons.
Modifications of external programs which are sound in
the sense that they do not change the effect of the pro-
gram taken in isolation, become unsound in the pres-
ence of the trigger system. (Such modifications could
be carried out by the programmer, compiler, or opti-
mizer.) Trigger systems that produce equivalent results
on equivalent input programs are called “semantically
consistent”. We show that semantic consistency is un-
decidable, but holds in significant special cases. We also
introduce a weaker notion of semantic consistency that
takes into account trigger states and is satisfied by all
trigger systems.

Using the notion of equivalence given by transfor-
mational semantics, we show that our active database
model based on relational machines subsumes all of the
active database prototypes considered here (subject to
several simplifying assumptions spelled out in the pa-
per). While most prototypes are much weaker than rela-
tional machines, HiPAC turns out to be precisely equiv-
alent to relational machines. This suggests that the re-
lational machine model provides a convenient unifying
formalism for investigating a variety of active database
questions. In particular, we investigate the expressive
power of various languages for trigger systems, relative
to various languages for external programs. (E.g., a
commonly arising special case is that where the trigger
system uses a rule-based language.) These results pro-
vide insight into the nature of programming constructs
in various existing trigger systems.

Previous foundational work on active databases has
mainly focused on proposing powerful models or pro-
gramming constructs that generalize the main active
database systems. Thus, [HJ91a] introduces a program-
ming language for manipulating “deltas”, that can be
used to uniformly specify a variety of computations en-
countered in active databases. In [BM91], an object-
oriented model for active databases is introduced. The
model uses a very flexible trigger mechanism based on
nested transactions. It is shown that the model can
simulate the main features of active database systems
in a uniform fashion. [AWH92] studies an important
problem in practical active database systems: the ter-
mination and confluence of production rules.

The paper is organized as follows. Section 2 reviews
several update languages used in the paper, and
relational machines. Section 3 introduces basic concepts
relating to active databases, reviews several execution
models encountered in practical systems, and discusses
the connection between triggers and external programs.
The model of active databases based on relational
machines is presented in Section 4, and it is shown
that relational machines subsume the trigger systems of
ARDL, HiPAC, Postgres, Starburst, and Sybase. The
expressive power of several major languages for triggers
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relative to various languages for external programs
is examined in Section 5. We also consider the
expressiveness of the trigger languages of the main
prototypes. Section 6 discusses semantic consistency
of triggers, and Section 7 provides conclusions. An
appendix provides brief descriptions of the prototypes.

2 Preliminaries

We briefly review several relational update languages,
and basic notions relating to active databases. We
assume familiarity with the terminology of relational
databases, including relational calculus and algebra, as
in [U1188, Kan91, AHV95). Relations are denoted here
by P,Q, R, ..., database schemas by P,Q,R,..., and the
set of instances over a schema R by Inst(R). The first-
order queries (defined by the calculus and algebra) are
denoted FO.

Updates and update languages

An update over a database schema R is a mapping
from Inst(R) to Inst(R) which is computable and C-
generic for some finite set C of constants (i.e., commutes
with isomorphisms of the domain that leave C fixed)
[AV90, HY84]. The semantics of an update program in
some language is the update it defines. The set C in C-
genericity accounts for constants that may be explicitly
mentioned by the update program. Update languages
typically use basic constructs to talk about change to
the database, such as insertions or deletions. Query
languages can generally be turned into update languages
by allowing assignment of answers to database relations.
We next review several languages used in the paper,
which are update language versions of well-known query
languages.

FO*. This denotes programs obtained by composition
of assignments statements of the form R := ¢ where R
is a relation and ¢ is an FO query. The semantics of
assignment is destructive (R is assigned the value of ¢).
While and Fixpoint. While extends FO with recur-
sion. It provides relation variables, FO* statements
of the form R := ¢, and a looping construct while ¢
do where ¢ is an FO condition. Fizpoint is the same
as while except the semantics of assignment is cumu-
lative (i.e., an assignment R := ¢ adds ¢ to the cur-
rent content of R). This guarantees termination of fiz-
point programs in PTIME, whereas while programs re-
quire PSPACE.

Datalog, Datalog™, and Datalog™.
program is a set of rules of the form

A Datalog

Ao(to) Rt Al(tl), ey An(tn)

where each A; is a relation, i¢; are tuples of variables
and constants of appropriate arities, and each variable
in to occurs in some %;, ¢ > 0. In a Datalog rule as
above, Ao(to) is called the head and A;(t1), ..., An(tn)



the body of the rule. A rule firing consists of finding
a substitution of variables by constants such that the
body of the rule is satisfied, and inserting the tuple
ty into Ag. A stage consists of one firing of all the
rules in parallel. A Datalog program is evaluated
by executing consecutive stages until no new tuples
are inserted. Datalog™ extends Datalog by allowing
negative literals in bodies of rules. We consider here
(as usual in rule-based active databases) a highly
procedural forward chaining semantics for Datalog™, in
the style of production systems. A negative ground
literal —A4;(¢;) is satisfled at a given stage if ¢; is not
currently in A; (¢; consists of constants from the active
domain of the database). Datalog™ is evaluated just like
Datalog, in consecutive stages of firings of rules. Finally,
Datalog™ is a further extension allowing for negative
literals in heads of rules. The effect of inferring —Ay(to)
is to delete tg from Agp. If a tuple is both inserted
and deleted in a stage in the evaluation, the insertion
has priority (this arbitrary choice has no significant
consequence). It was shown in [AV9la] that Datalog™
is equivalent to fizpoint and Datalog™ is equivalent to
whale.

Relational machines

A relational machine (RM) [AVI1b, AVI5)] consists of
a Turing machine (TM) augmented with a finite set
of fixed-arity relations forming a relational store. The
machine works as follows. The input and output are
designated relations in the store. The tape of the
machine is a work tape and is initially empty. In
addition to changing its internal state, moving the head
on the tape and writing on the tape, the machine can
check whether the store satisfies some FO condition,
and assign to a relation the result of an FO query on
the store. An RM has arity k if all relations in the
store have arity at most k and the maximum number of
variables in its FO queries is at most k. The schema of
the relational store of an RM M is denoted by sch(M).

Thus, the relational machine provides arbitrary com-
putation interacting with the database by FO queries
and updates. This captures the spirit of external pro-
grams, which often use an FO language (say, SQL) em-
bedded in a full programming language (say, C). The
TM part of the machine models the use of C, whereas
the FO manipulations of the relational store correspond
to the SQL queries. Relational machines compute all
queries, assuming input databases are ordered (i.e., they
provide an order relation among all elements in the ac-
tive domain).

RMs are equivalent to the following extension of the
while language with integer arithmetic. Let whilen
[Cha81] be the while language extended with (i) integer
variables ¢, §, ..., initialized to zero; (il) tncrement(?) and
decrement(1) statements; and (iii) tests of the formé =0
in termination conditions of loops. RMs without the

tape (where the external program is limited to a finite
automaton) is precisely equivalent to while [AV91Db].
An appealing feature of RMs is their robustness. As a
useful example, consider an extension of RMs allowing
addressable relations (the relational store has a variable,
unbounded number of relations of bounded arity). The
extended machine remains equivalent to RM [AV95].

3 Active Databases

Basic concepts

We begin with a brief review of active databases,
following the development in [AHV95].

Active databases generally support the automatic
triggering of updates in response to “events”. In a
manner reminiscent of expert systems, forward-chaining
of rules is generally used to accomplish the response.
There are three distinguishing components in an active
database: (1) a subsystem for monitoring events, (ii) a
set of rules, often called a rule base, and (iii) a semantics
for rule application, typically called an ezecution model.

Rules typically have the following so-called “ECA”
form:

on { event ) if { condition ) then { action )

Depending on the system and application, the event
may range over external phenomena and/or over inter-
nal events (such as a method call, or inserting a tuple to
a relation). Events may be atomic, or may be composite
events built up from atomic events using, e.g., regular
expressions or a process algebra. Events may be es-
sentially boolean, or may “return” a set of tuples that
indicate what triggered the event. Conditions typically
involve parameters passed in by the events, and also the
contents of the database. As will be described shortly,
several systems permit conditions to look at more than
one version of the database state, e.g., corresponding to
the state before the event and the state after the event.
Accessing past states is usually done by keeping incre-
mental information in so called delta relations. Deltas
are relations private to the trigger system and persistent
between calls to the trigger system within the same user
transaction.

In some systems events are not explicitly specified;
essentially any change to the database makes the event
true, and leads to testing of all rule conditions. In
principle, the action may be a call to an arbitrary
routine. In many cases in relational systems, the
action will involve a sequence of insertions, deletions
and modifications, and in object-oriented systems it
will involve one or more method calls. Note that this
may in turn trigger other rules. In this paper we
focus exclusively on the relational model, although the
basic concepts we introduce can clearly be used with
other models. We do not consider concurrent access by
multiple users.
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A fundamental aspect of active databases concerns
the choice of an execution model. We outline several
possible ones. Suppose that a user transaction ¢
€1;...;Cn is issued, where each of the ¢;’s is an atomic
command. In the absence of active database rules,
application of ¢ will yield a sequence

I, I, ..., I,

of database states, starting with the original state Iy,
and where each state I;4; is the result of applying c;41
to state I;. If rules are present, then a different sequence
of states might arise. Under immediate firing, a rule
is essentially fired as soon as its event and condition
becomes true; under deferred firing, rule application
is delayed until after the state I, is reached; and
under concuyrrent firing, a separate process is spawned
for the rule action, and executed concurrently with
other processes. In the most general execution models,
each rule is assigned its own “coupling-mode” (i.e.,
immediate, deferred, or concurrent), which may be
further refined by associating a coupling-mode between
event and condition testing, and between condition
testing and action execution.

We now examine the semantics of immediate and
deferred firing in more detail. We assume for this
discussion that the event of each rule is simply ‘true’. To
illustrate immediate firing, suppose that a rule » with
action dy;...;dy, is triggered in state Iy of the above
sequence of states. Then the sequence of databases
states might start with

L, I, I}, I, ....I, ...

where I} is the result of applying dy to Iy, and I} ; is the
result of applying dj+1 to I;. After I,,, the command c;
would be applied. The semantics of intermediate rule
firing is in fact more complex, for two reasons. First,
another rule might be triggered during the execution of
the action of the first triggered rule. In general, this
calls for a recursive style of rule application, where the
command sequences of each triggered rule are placed
onto a stack. Second, several rules might be triggered
at the same time. It is common in this case to assume
that the rules are ordered, and that rules triggered
simultaneously are considered in that order.

In the case of deferred firing, the full user transaction
is completed before any rules are fired, and also, each
rule action is executed in its entirety before another rule
action is initiated. This gives rise to a sequence of states
having the form

ory ser cUrr
| G CELU PO PO

where now I°"% is the original state, I***" is the result of
applying the user-requested transaction, and the states
Ip,I3,...,I°%" are the results of applying the actions of
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fired rules. The sequence shown here might be extended,
if additional rules are to be fired. As before, the order
of rule firing must be considered, if multiple rules are
triggered at a given state. Another issue concerns the
database states that are accessed by a rule triggered by
a transition from a former to a later state. What states
should be used? It is natural to use I°“"" as the later
state. With regards to the former state, some systems
advocate using I°"*9, while other systems support the
use of one of the intermediate states (where the choice
may depend on a complex condition). Suppose now that
two rules r and r’ are triggered at some state I¢™" = I;,
and that r is fired first to reach state I;11. The event
and/or condition of 7 may no longer be true. This raises
the question: should r’ be fired? A consensus has not
emerged in the literature.

As should be clear from the above discussion, there
is a wide variety of choices for execution models.
Several prototype active database systems have been
implemented; As discussed in [HJ91b, HW92, St092],
each uses a different execution model.

We will provide in this paper simple languages
that can serve as the kernel of an active database.
These languages do not use explicit events; restrict
rule actions to insertions and deletions, and examine
only the “current” state at each invocation. In some
sense that will be made precise, these can simulate
all common active databases. This elucidates issues
of expressiveness in active databases. However, in
practice richer rule languages and execution models
may be desirable to make more manageable the task
of developing complex rule bases that enforce a desired
behavior.

Major prototypes

There are several major active database prototypes. In
this paper we refer to the following: ARDL, HiPAC,
Postgres, Starburst, and Sybase!. Unfortunately, all
prototypes are in a state of flux, and many versions of
each are described in the literature. In order to be able
to make precise statements about them, we use semi-
formal descriptions of “snapshots” of these systems that
are provided in [Pic], based on their presentation in a
preliminary version of [WCD95]. These descriptions are
quite lengthy and are omitted here; for convenience, we
highlight some of the main features of each prototype
in the appendix. In order to be able to compare the
different prototypes we additionally make the following
unifying assumptions:

e The database model is relational.
For prototypes specified in other models (such as
object-oriented) this requires recasting their models
into a relational framework.

1Sybase is actually a commercial product.



e Triggers have access to database relations, as well
as to private relations used for bookkeeping (for
example, to store deltas). The private relations are
persistent, between invocations of the trigger system
within the same user transaction.

e Events consist of insertions and deletions of tuples
into relations (we do not consider modifications).
We only consider here semantic events, although
some active databases react to syntactic insertions
and deletions (such systems are not covered by
our framework). Actions consist of insertions and
deletions of sets of tuples into relations; these are
definable in FO (SQL) using the database state(s)
and private relations available to the trigger. In
particular, inserted tuples are over the active domain
of the database.

e The semantics is deterministic.

If several rules are triggered simultaneously, a preset
priority among them is assumed to ensure determin-
ism. For systems with nondeterministic tuple-at-a-
time semantics (e.g., Postgres), we assume the data
is ordered and a standard execution order among
tuples is chosen to make the semantics deterministic
(thus we assume Postgres only operates on ordered
databases). If subtransactions are executed concur-
rently, we ignore the nondeterminism that might
arise from the concurrency control, and assume in-
stead a serial execution in order of priority.

The above-listed assumptions result in ignoring or
slightly modifying certain features of the prototypes.
We aimed at retaining the essential aspects of the data
manipulation and execution models of each prototype.
Throughout the paper, any formal statement concerning
the above prototypes refer to their “snapshots” as
described in [Pic] based on [WCD95], and conforming
to the above assumptions (see also Appendix).

Triggers vs. external programs

A major emphasis in this paper is the connection be-
tween external programs and triggers. In particular, we
will consider the expressive power of trigger languages
relative to external update languages. The coexistence
of external programs and triggers raises fundamental
issues of semantics. When an external program is run
against an active database, its trigger system modifies
the effect of the program. Furthermore, the transforma-
tion of the effect of the external program by the trigger
systemn 1s generally sensitive to syntax, so equivalent
external programs have different final effects under the
trigger system. Clearly, this only makes sense if it is
assumed that the external programmer works in coop-
eration with the trigger system; otherwise, the program-
mer looses all control over the semantics of the program
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he/she writes. The natural consequence is that the lan-
guage for external programs must provide, as a first-
class citizen, some mechanism for passing the control
to the trigger system. And, the semantics of the ex-
ternal program must take this mechanism into account.
The syntactic cue for the transfer of control may co-
incide with the operation of composition of statements
(marking, say, the end of an SQL statement), or may be
distinct. In most active databases the transfer of con-
trol de facto occurs at boundaries of SQL statements,
although some do allow for explicit transfer of control
in the application program (e.g., see [MD89]).

Many of the abstract languages provide natural
breaking points where transfer of control to the trigger
system can occur. For example, fizpoint and while
(as described here) provide composition. This is not
the case for languages with declarative semantics, such
as Datalog. It seems that a procedural semantics is
needed in order for a language to coexist unambiguously
with a trigger system. In the case of Datalog,
one could for example transfer control to the trigger
system at each evaluation stage, or at the end of
the evaluation. To specify the discipline of control
transfer for Datalog(™)(™) languages, we will use a
variation of the rule algebra of [IN88]. The rule algebra
RA(Datalog(™)(™)) over the language Datalog(™ (™) is
the smallest set of expressions containing the programs
in Datalog(™)(") such that

if ¢, f € RA(Datalog(™)(™)) then (e)* €
RA(Datalog{™(™) and (e; f) € RA(Datalog(™)X™)),

The semantics of a Datalog{™() program P is one
firing of the rules in P. Note that P may be empty, in
which case its semantics is the identity. The * operator
indicates iteration up to a fixpoint. The “;” operator
is composition. In the context of a trigger system, it
signals transfer of control to the trigger system. Note
that RA(Datalog) is more powerful than Datalog as
an update language (despite the fact that Datalog is
closed under composition as a query language). Indeed,
[Don88] provides an example of Datalog programs P
and @ such that P*; Q* is not equivalent to any Datalog
program: P = {R(z,z) « R(z,y),R(y,2)} and Q =
{R(y, z) — R(z,v)}.

The semantics and expressiveness of an update
language in conjunction with a trigger system depends
critically on the discipline of transfer provided by the
language. In the model of relational machines presented
next, the transfer of control is specified using “triggering
states”.

4 An Abstract Model for Active
Databases

We now present a model for active databases based on
relational machines. Let R be a database schema. A



trigger machine over R is a relational machine M such
that R C sch(M). An external machine over R is a re-
lational machine M augmented as follows: in addition
to the start and final states, a set of triggering states
is specified. External machines are meant to represent
external programs. Indeed, their computations con-
sist of periodically issuing SQL (FO) commands to the
database, subject to some arbitrarily powerful external
control mechanism. Occasionally, they transfer control
to the trigger system (whenever they reach a triggering
state). Trigger programs are represented by trigger ma-
chines, which are normal relational machines (without
triggering states). Once again, this models programs
that interact with the database using SQL commands,
using potentially arbitrary computing power on the side.
The semantics of a pair < M., M; > consisting of an
external machine M, and a trigger machine M; over
database schema R is the update M;(M.) over Inst(R)
resulting from the following algorithm: (i) M; is run
until a final state is reached; (ii) M, is run starting in
its current state (initially the start state) until a final
state or a triggering state is reached; if a final state is
reached, M; is run one last time and the computation
stops. If a triggering state is reached, M, is run starting
in its start state until a final state is reached, then (ii) is
repeated. The tapes of M, and M;, and the relations in
sch(M.) and sch(M;) other than R are initially empty.
The tapes and relations of M, and M, are not reinitial-
ized between turns in the computation, so are persistent
throughout the computation.

We can now define the semantics of trigger machines.
Two trigger machines M; and M{ over database schema
R are equivalent, denoted M, = M|, if M(M.) =
M](M.) for all external machines M, over R.

The main justification for the model introduced in
this section is that it subsumes the trigger system
languages of the main active database prototypes. We
now state one of the central results of the paper. Recall
that formal statements about prototypes refer to their
specifications as given in [Pic], based on the descriptions
in [WCD95] (see also Appendix).

Theorem 4.1 For each ARDL, HiPAC, Postgres, Star-
burst, or Sybase program there exists a trigger machine
equivalent to it.

Proof (sketch): The simulations of ARDL, Postgres,
Starburst, and Sybase programs by trigger machines
are straightforward. The necessary bookkeeping needed
to simulate each of the execution models can be done
using the (persistent) tape and private relations of the
machine. The simulation of HIPAC is nontrivial because
an unbounded number of triggered rules can await
execution at each given moment, and each may have
access to the database state at the time of triggering.
Thus, an unbounded number of relations must be
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remembered in this execution model. Nonetheless, this
can still be simulated by a trigger machine with fixed
number of relations. The argument is nontrivial, and
involves an extension of a result in [AV95] showing that
relational machines can be extended with an unbounded
number of addressable relations of fixed arity without
increase in power. This uses a normal form for relational
machines of given arity. A computation in the normal
form consists of two phases: (i) an analysis phase that
extracts from the input all information necessary to
carry out the remainder of the computation on the
tape alone, and (ii) a computation phase involving
only the tape, that uses the information provided in
the analysis phase. Computation with an unbounded
number of relations of fixed arity can be simulated in
the second phase using the tape. The proof for trigger
machines is more complicated because of the presence
of external programs, since there is no uniform bound
on the arity of relations across all external programs.
Here the analysis phase must be performed again after
each turn of the external program, and the information
obtained from previous analysis phases must be refined
accordingly. O

Remark: External programs use the trigger system
much like an oracle in the course of the computation.
However, there are significant differences, such as the
initialization of the computation by the trigger machine,
and the persistence of the tape and private relations of
the trigger machine between turns in the computation.
These features are needed to carry out the simulations
in Theorem 4.1.

Theorem 4.1 shows that the rather complex execution
models of active database prototypes can be simulated
by the very straightforward execution model of trigger
machines. Since relational machines are equivalent to
whiley (see Section 2), it follows that this can be used
as a trigger specification language that can simulate
the above prototypes (the integer variables, as well as
temporary relations are persistent between computation
turns). Thus, whiley can be used as a yardstick for
comparing various active database prototypes. Indeed,
each prototype corresponds to a fragment of whiley. As
we shall see, most prototypes can in fact be simulated
by while alone.

5 Expressive Power

The update languages considered earlier can be used
to specify either external programs or trigger programs.
It is easy to see that they can all be viewed as special
classes of external machines, resp. trigger machines.
Therefore, in the following we blur the distinction
between programs written in these languages and the
corresponding trigger machines. Now suppose that the
active database works with a specific update language



for external programs. Then it makes sense to compare
two trigger systems relative to the external machines
corresponding to the given update language, rather
than all possible external machines. This leads to
the following. Two trigger machines M; and M/ are
equivalent relative to an external language L, denoted
M, =p M|, if My(M.) = M](M,) for all M, € L.

Remark: There are subtle differences between equiva-
lence of two programs M; and M/ as update programs
and as trigger programs:

e M, and M| may be equivalent as update programs
without being equivalent as trigger programs. For
example, let M, be the whiley program R := RU{¢}
(insert ¢t into R) and M, the program

ifi=1then R:=0
else begin R := RU{t};i:= 1 end

Clearly, M; and M| are equivalent as update
programs (since ¢ is initially zero). They are not
equivalent as trigger programs. Indeed, for the
external program M, = {R := R — {t}}, M.(M.)
inserts ¢ into R whereas M/(M,) assigns § to R
(because M, causes M| to execute more than once,
and ¢ is persistent between these executions).

e M; and M/ may be equivalent as trigger programs
without being equivalent as update programs. This
uses the fact that trigger programs are executed at
least twice according to our model: before and after
the external program. As an example (similar to the
above), let M; be the whilexy program R := {t} and
M| the program

if i = 0 then R := 0 else begin R := {t};i:= 1 end

Clearly, M; and M/ are not equivalent as update
programs over R (recall that ¢ is initially zero). They
are however equivalent as trigger programs over R.
Indeed, for any external program M, over R, the
final value of Ris {t} in both M;(M.) and M](M.).

Thus, one should be cautious about assuming that
known equivalence results about query and update pro-
grams and languages extend to triggers, and conversely,
m}

Similar remarks apply to external programs. The
effect of an external program in the context of a trigger
program is very sensitive to the placement of triggering
states in the external program. In particular, two
external programs equivalent as update programs may
have radically different effects as external programs in
an active database. As a very simple example, the
program R := R U {t} causes two executions of the
trigger program (initial and final), whereas the program
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R := R — {t}; R := R U {t}, equivalent as an update
program to the first, causes three executions of the
trigger program.

Going one step further, we are interested in com-
paring languages for trigger programs. A trigger lan-
guage T subsumes another trigger language 7" if for
each M| € T' there exists M; € T such that M; = M].
T and T are equivalent if T subsumes 7" and T’ sub-
sumes T". Clearly, one can relativize these definitions to
given languages for external programs, as done earlier.
This gives rise to the notions of subsumption and equiv-
alence of trigger languages relative to a given external
language.

Given a trigger program M, and an external language
E, we denote

Mi(E) = {M:(M.) | M. € E}.

Thus, M;(E) represents all updates expressible by
external programs written in the language E in the
context of the trigger program M;. Of particular
interest is the case when M;(E) C E. Intuitively, this
says that the semantics of any program in E can still be
specified within £ after it is transformed by the trigger
M;. In this case, we say that the language F is closed
under M;.

The above definitions can be extended from a single
trigger M, to a trigger language T. We denote

T(E) = {M«(M.) | M; € T, M, € E}.

The set T(E) represents the combined expressive power
of all external programs in E in conjunction with all
trigger programs in 7.

The following provides T(E) for the main trigger lan-
guages T and external languages E. We consider the ex-
ternal languages FO*, RA(Datalog), RA(Datalog™), fiz-
point, RA(Datalog™™), while, and the trigger languages
FO*, Datalog, fizpoint (or equivalently Datalog™) and
while (or equivalently Datalog™").

Theorem 5.1 .

e FO*(FO*) = FO*;
FO*(E) = while for E € {RA(Datalog),
RA(Datalog™), fizpoint, RA(Datalog™"), while}.

o Datalog(FO*) = stratified-Datalog™;
Datalog(RA(Datalog)) = RA(Datalog);
Datalog(E)=fizpoint for E € {RA(Datalog™),
fizpornt};

Datalog(E) = whilefor £ € {RA(Datalog™™),whale}.

o fizpoint(E) = fizpoint for E € {FO*, RA(Datalog),
RA(Datalog™), fizpoint};
fizpoint(E) = while for E € {RA(Datalog™™),whale}.

o while(E) while for £ € {FO*, RA(Datalog),
RA(Datalog™), fizpoint, RA(Datalog™™), while}.



Proof (sketch): To illustrate the technique of the
proof, we show that FO*(fizpoint) = while. Clearly,
FO*(fizpoint) C while. For the converse, consider a
while program w. Let trace be a binary relation and
f the fizpownt program obtained from w by replacing
each assignment R := ¢ by R := R;tracee= {{R, )}
(by slight abuse, R and ¢ are treated here as domain
elements). Now let ¢t be the FO* program

\/(if trace = {(R, ¢)} then R := ¢); trace := 0

(the disjunction is over all statements R := ¢ occurring
in w). Clearly, t(f) is equivalent to w. Note that
different f andt are required for each w. O

Observe that, if two trigger languages T,7’ are
equivalent relative to an external language E, then
T(E) = T'(E). The converse is false. For example, by
Theorem 5.1 FO*(RA(Datalog)) = while(RA(Datalog))
= while. However, it is clear that FO* 7&"RA(Datalog)

while.

Like before, if T(EF) C E we say that E is closed
under 7. Intuitively, this means that the semantics of
programs in E transformed by trigger programs in T
can still be specified within £. This may have practical
benefits, since the external program in E and trigger
program in T' can be compiled into another program in
E and evaluated using resources developed for E.

For example, while is closed under while; RA(Datalog)
is not closed under FO*.

Prototypes vs. abstract languages

We next relate several prototypes to the languages
discussed above. It turns out that the language while
plays an important role. Indeed, we have:

Theorem 5.2 The trigger languages of ARDL, Postgres?

Starburst, and Sybase are subsumed by while.

Recall that while is equivalent to Datalog™, a rule-
based language whose syntax is closer to that of
the prototypes discussed above. Thus, the elaborate
execution models of these prototypes can be simulated
using this straightforward language. This shows that
many of the constructs used in these prototypes have
no impact on expressive power; such constructs may
of course be needed to help manage the task of
building complex rule systems. Theorem 5.2 provides
information allowing to distinguish between the two
situations.

Generally, while and Datalog™™ are more powerful
than the prototypes they subsume. Precise equivalence
is obtained with various modifications to the semantics
of our trigger programs, described next. In all cases
we need the assumption that a trigger program is

2Recall that the semantics of Postgres is only defined in our
context on ordered databases, see Appendix.

)
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run in a triggering state only if there has been a
change in some database relation since the last turn.
With this assumption, while is equivalent to ARDL.
Supplementary assumptions are needed for Postgres,
Starburst, and Sybase:

o Recall that Postgres and Sybase do not have deferred
rules. If the final run of trigger programs at
the end of external programs is omitted, while
becomes equivalent to Sybase, and to Postgres on
ordered databases. This uses the fact that Postgres
allows recursive triggering of rules, and that Sybase,
although not allowing recursive triggering, provides
an iterative construct in actions of rules.

Starburst allows only deferred rules. If the trigger
program is only run, after the initial run, at the end
of the external program (i.e., the external program
has no intermediate triggering states), then while
becomes equivalent to Starburst.

HiPAC is a case apart, because of its ability to trigger
multiple occurrences of the same rule, and the ability
of triggered rules to access previous database states
via their delta relations. It is easily seen that HiPAC
subsumes while. It turns out that HiPAC is strictly
stronger than while. In fact, we show:

Theorem 5.3 HiPAC is equivalent to whiley.

Proof (sketch): The fact that HiPAC is subsumed
by whileny follows from Theorem 4.1. The converse
requires a simulation of whiley by HiPAC. The first-
order assignments of whiley are easily simulated. The
simulation of arithmetic is based on the fact that HiPAC
allows an unbounded number of multiple occurrences of
the same rule in the execution queue. These can be
used as counters. More specifically, the simulation uses
several rules triggered in deferred mode. Each triggered
rule is associated with an integer variable i of the whiley
program. This is done using a special unary relation
VAR that holds, at the time of triggering, the name of
the integer variable. The value of a variable ¢ at any
given point is given by the number of occurrences in
the current execution queue of rules r(¢) for which VAR
contained i at the time of triggering. Increments and
decrements of 7 in the whiley program are simulated by
firing or executing occurrences of r(¢). Tests ¢ > 0 in
the whiley program are done by determining if some r(¢)
occurs in the queue. The increments, decrements, and
tests require scanning the queue and reaching certain
occurrences of rules. This is achieved by performing
rotations of the execution queue; rules are executed and
triggered again until the desired rotation is achieved. O

Recall that whiley is equivalent to the full relational
machine. Thus, HiPAC is also equivalent to it. In
particular, HiPAC(FO*) whiley (FO*) whaley.



Since whilen expresses all queries on ordered databases,
so does HiPAC(FO*).

Prototypes vs. prototypes

The above results comparing prototypes to abstract
languages show that each prototype corresponds to
some fragment of whiley. This allows to use whiley
as a yardstick for comparing the expressive power of
the prototypes. Indeed, we can show:

e Postgres and Sybase are equivalent (on ordered
databases);

e Starburst is incomparable to Postgres and Sybase;

e ARDL strictly subsumes Postgres, Starburst, and
Sybase;

e ARDL using just immediate firing is equivalent to
Sybase, and to Postgres on ordered databases.

e ARDL using just deferred firing is equivalent to
Starburst;

o HiPAC strictly subsumes ARDL.

Recall that these statements hold subject to the sim-
plifying assumptions we have made about the proto-
types, and to our overall framework for comparing trig-
ger systems. They may be quite sensitive to changes
in either. As an example, suppose that external ma-
chines can signal to the trigger program that they have
reached a final state, via a particular database relation
used as a flag. Then the deferred triggers such as those
of Starburst can be simulated with immediate triggers
such as those of Postgres and Sybase, and it follows that
Postgres and Sybase subsume Starburst. One can also
show that Sybase is equivalent to ARDL, and Postgres
is equivalent to ARDL on ordered databases.

We next focus in more detail on HiPAC, which is of
particular interest because it provides a wide diversity
of features that interact in intricate ways. Also, HiPAC
subsumes all the other prototypes we have considered.
It is of interest to consider the impact of various features
of HiPAC on its power as a trigger language. We
briefly discuss a few variations next. The proof of the
equivalence of HiPAC and whiley (Theorem 5.3) uses
the fact that in HiPAC the execution queue may contain
multiple occurrences of the same rule. Note that the
ability of triggers to access their triggering states is
used in a very limited way in the proof. If boolean
parameters could be passed to the rules at the time
of triggering, then accessing the triggering state would
become unnecessary (as long as a fixed set of private
relations could be used for bookkeeping). This also
becomes unnecessary if the execution model is slightly
modified so that deferred rules are executed in order
of triggering, regardless of priorities among triggers.

Indeed, in this case we can use in the proof different
triggers associated with each integer variable of the
whley program.

If multiple occurrences of the same rule are disal-
lowed, then HiPAC is clearly subsumed by while, so
there is a dramatic loss of power. As an intermediate
possibility, suppose that rules can access their trigger-
ing states, but multiple occurrences of rules triggered
by equal states are disallowed. Denote this variant
of HiPAC by HiPAC. It turns out that HIPAC lies
strictly between while and whiley. Indeed, we have:

Theorem 5.4 HiPAC strictly subsumes while and is
strictly subsumed by whiley (and is therefore strictly
subsumed by HiPAC).

Proof (sketch): First note that on one hand,
HiPAC(FO*) can be evaluated in EXPSPACE, because
the execution queue cannot become more than exponen-
tially long, and by our assumptions every single rule can
be evaluated in FO3. On the other hand, whilen(FO*)
has no complexity bound. This shows that HiPAC is
strictly subsumed by whiley. To show that HIPAC
strictly subsumes while we prove that HiPAC(FO*)
can express EXPSPACE-complete updates. This is suffi-
cient, since while(FO*) is within PSPACE and PSPACE #
EXPSPACE by the space hierarchy theorem. The proof
that HiPAC(FO*) expresses EXPSPACE-complete up-
dates involves a simulation of a Turing Machine using
exponentially many tape cells. The tape is represented
by associating to each cell a triggered rule that awaits
execution. The past database state accessed by each
triggered rule identifies the cell and provides its con-
tent. This uses a relation providing a counter that can
count up to an exponential, thus identifying exponen-
tially many cells. As a consequence of this result, one
can also show that HiIPAC(FO*) expresses exactly the
set of EXPSPACE queries, assuming the input database
is ordered. O

6 Semantic Consistency of Triggers

When an external program is executed in conjunction
with a trigger program, its effect is modified by the
triggers. As meptioned in Section 3, the final effect
is generally dependent on the syntax of the external
program, not only its semantics. Consider for example
the FO* program

QRNXRMNMS;
QXNSKHT

P
v

3This uses our assumption that actions are limited to tuple
insertions and deletions. The full HiPAC allows arbitrary calls to
external procedures, so is not included in EXPSPACE.
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This program is equivalent (as an update program) to
the following;:

P = @N5;
V = PNXT;
P = PWNXR,

However, the fina] effects of the two programs under
a given trigger program are generally different. This
can be unpleasant, since there are natural situations
where program transformations are performed by the
user or compiler, for optimization or other purposes.
In this particular case, the transformation of the first
program to the second would be natural for an optimizer
detecting common subexpressions. The property that
the final semantics of an external program under a
trigger program is well defined as a function of the
original semantics is therefore a desirable one. This is
formalized by the following notion (referring back to
the machine model of Section 4). A trigger machine M;
is semantically consistent if My(M.) = M(M}) for all
equivalent external machines M, and M/. As one might
expect, semantic consistency is undecidable.

Theorem 6.1 It is undecidable whether a given trigger
machine M, is semantically consistent.

Proof (sketch): We use reduction of validity of FO
sentences to semantic consistency of a trigger program.
Let R be a relation and ¢(R) an FO sentence over R.
Then ¢(R) is valid (true for all R) iff the following FO*
trigger program over R is semantically consistent:

R := {t | (~flagAR())V(flaghR(t)Ap(R))}; flag := true

where flag is boolean. O

One can relativize the notion of semantic consistency
to languages for external and trigger programs in the
natural way. The proof of Theorem 6.1 shows that
semantic consistency of FO* trigger programs with
respect to FO* external programs is undecidable (so
this remains undecidable for all stronger languages,
including the trigger languages of the prototypes).
Nonetheless, it is interesting to note that semantic
consistency always holds for some classes of languages.
For example, let RA*(Datalog) = {e* | ¢ € RA(Datalog)
and ‘' occurs in e}.

Proposition 6.1 Datalog trigger programs are seman-
tically consistent relative to RA*(Datalog) external pro-
grams.

The proof uses the monotonicity of Datalog.

The fact that semantic consistency does not generally
hold motivated our use of trigger states in our machine
model for external programs, and our assumption that
external languages working with triggers provide first-
class constructs for passing control to the trigger system.
When such constructs are present, it seems natural to
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relax the requirement of semantic consistency by taking
into account the trigger states. This is based on a
stronger notion of equivalence of external machines.
Intuitively, it requires that the machines behave the
same way not just with respect to their start and final
states, but also relative to their intermediate trigger
states. More precisely, let M and M’ be two external
machines such that sch(M) = sch(M') =R and S, 5
be their respective sets of start, triggering, and final
states. For each pair of states z,y € S, let M¢e y» be
the machine obtained from M by having the start state
be z and the final state be y (and similarly for M'). M
and M’ are trigger equivalent if there exists a bijection
f from S to S’ such that:

1. s is the start state of M iff f(s) is the start state of
M,

h is a final state of M iff f(h) is a final state of M’;

3. t is a triggering state of M iff f(t) is a triggering
state of M'; and,

for every pair of states ¢,y € S, Mz ,y> is uniformly
equivalent to M’<f(x) F)>? that is: for I over R,
Mcgy> halts in state y with output J over R iff
Jl‘i/jéf(x)’f(y» halts in state f(y) with output J over

Clearly, trigger equivalence of external machines
implies equivalence. Next, a trigger machine M; is
weakly semantically consistent if My(M.) = M(M])
for every M, and M/ that are trigger equivalent. The
following is shown directly from the definition of the
semantics of trigger machines:

Fact: Every trigger machine is weakly semantically
consistent.

Intuitively, weak semantic consistency indicates that
external programs can be transformed according to
usual transformation rules as long as the affected
portions of code do not go across trigger invocation
boundaries.

7 Conclusions

We introduced the relational machine model for active
databases and used it as a framework to formally
articulate some basic concepts relating to the semantics
and expressiveness of active databases. The semantics
emphasizes the interaction of external programs with
the trigger system, and highlights the importance of two
factors: the execution model of the trigger system and
the discipline for transfer of control from the external
program to the trigger system. For the expressiveness
results, we considered both abstract languages and
simplified versions of several active database prototypes.
Two abstract languages emerge as central: while (with
its rule-based variant Datalog™™) subsumes most active



database prototypes. And, whiley (or the relational
machine) subsumes all prototypes we considered and is
equivalent to HIPAC. Thus, abstract languages such as
while and whiley can serve as a yardstick for comparing
different active database systems and provide a tool
for understanding the impact of various active database
features on expressiveness.

The present paper is one step towards a formal study
of active databases. Many issues remain unexplored,
and some important aspects of active databases (such
as syntax-based events, or nondeterministic semantics)
are not covered by our framework. In relation to this
paper, the impact on expressiveness of variations to
the framework developed here and to the assumptions
made on the prototypes needs to be better understood.
Our results suggest that expressiveness is insensitive to
many variations in execution models, but very sensitive
to other aspects. As one example, expressiveness is
sensitive to the way private, persistent relations are
used by triggers. A modification allowing persistence
across user transactions would have significant impact.
In particular, it may allow incremental evaluation of
queries using auxiliary information, as in [DT92], and
the implementation of structural recursion constructs
based on insertion, as in [BBN92].
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8 Appendix

We briefly highlight below some of the main features of
the active database prototypes considered in this paper.
These reflect our simplifying assumptions described in
Section 3. Further descriptions can be found in [Pic],
based on a preliminary version of [WCD95].

o ARDL: rules are triggered after each external SQL
update on the database. Conditions are first-order
tests involving the current database states and delta-
relations providing the changes from the start of the
external transaction to the current time. Actions
are tuple insertions and deletions. The coupling
mode between triggering event and rule execution
may be immediate or deferred. The execution order
of several rules awaiting execution can be specified
using expressions in a rule algebra.

o HiPAC: HiPAC is perhaps the richest of the active
database prototypes in terms of variety of features
and flexibility. = We consider here a relational
version of HiPAC (as opposed to its object-oriented
version). The execution model is based on a nested
transaction model. Each atomic step in the external
program is a subtransaction. Rules are triggered at
the end of each subtransaction. Events associated
with each trigger consist of updates on a particular
signal relation. Composite events on the signal
relation can be specified by regular expressions.
Conditions are first-order tests involving the signal
relation of the trigger as well as delta relations
providing the changes to the signal relation from
the time of triggering to the current state. An
action is a procedure call, which we assume here
to be a first-order update defined using the current
state and the delta relations. Coupling modes
between triggering event and condition checking
and between condition checking and execution of
the action can be specified as immediate, deferred,
or decoupled. A rule triggered in immediate
mode is executed as a subtransaction right after
the triggering subtransaction. A rule triggered in
deferred mode is executed as a new child of the root
of the triggering transaction. Decoupled triggers
are in principle executed concurrently; however, we
assume here a serial execution based on a fixed
predefined priority among the rules, HiPAC allows
several occurrences of the same rule in the current
execution queue (each occurrence uses its own delta
relations). Rules are ordered in the execution queue
by a criterion taking into account both priority and
the time of triggering.

e Postgres: Postgres provides a rule system PRS2
that comes in two variants: a semantic-oriented
one (Tuple Level System, TLS) and a syntactic-
oriented one (Query Rewrite System, QRS). We
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only consider here the semantic variant TLS. In
TLS, events are tuple-oriented: they consist of
insertions, deletions, or updates of tuples from a
table (we consider only insertions and deletions
here). Applicable rules are triggered immediately
after a tuple is accessed, even if the user command
is set-oriented. This may lead to nondeterminism.
We use here a deterministic variant by assuming
a fixed order between tuples, and considering the
semantics resulting from accessing tuples in that
order. Consequently, we assume Postgres only
operates on ordered databases. Our framework
restricts Postgres to only react to tuple insertions
and deletions when control is passed to it in a
triggering state of the external program. Conditions
are comparisons of attribute values from the current
tuple. Because of its tuple oriented-semantics,
Postgres provides a tuple oriented delta relation
using tuple variables new and old. Actions consist
of SQL updates. There is no bound on nested
triggering of rules.

Starburst: rules are first triggered at the end of the
external transaction. For each trigger, the triggering
event consists of an update of a single database
relation. Rule executions can trigger other rules.
The coupling mode between triggering event and
rule execution is deferred. Conditions and actions
are first-order queries involving the current database
state and delta relations. The delta relations provide
the cumulative changes since the beginning of the
transition that last triggered the rule. The execution
queue does not contain multiple occurrences of the
same rule. Rules are totally ordered in the execution
queue by priorities that are either explicitly defined
or the result of a default tie-breaking algorithm.

Sybase: rules are triggered by external SQL com-
mands. Events associated to each rule consists of
updates on a single relation. We make the impor-
tant assumption that events are semantic (otherwise,
Sybase is incomparable to the other prototypes con-
sidered here). The coupling mode between trigger-
ing event and rule execution is always immediate.
Actions consist of SQL updates involving the cur-
rent database state and using the delta relations pro-
viding the changes to the triggering relation by the
triggering SQL update. The SQL updates may be
iterated using a while construct. The action of a
trigger can itself trigger another rule; however there
is a fixed bound on the number of rules consecutively
triggered. In particular, a trigger cannot trigger it-
self.



