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We propose incorporating a production rules fa-
cility into a relational database system. Such a fa-
cility allows definition of database operations that
are automatically executed whenever certain con-
ditions are met. In keeping with the set-oriented
approach of relational data manipulation languages,
our production rules are also set-oriented—they are
triggered by sets of changes to the database and may
consequently perform sets of changes. The condition
and action parts of our production rules may refer
to the current state of the database as well as to
the sets of changes triggering the rules. We define a
syntax for production rule definition as an extension
to SQL. A model of system behavior is used to give
an exact semantics for production rule execution,
taking into account externally-generated operations,
self-triggering rules, and simultaneous triggering of
multiple rules.

Due to space constraints, some details and dis-
cussion are omitted, and only a few examples are
included. See [19] for a more extensive description.

1 Introduction

Recently, there has been considerable interest in
integrating production rules systems and database
management systems. Some wotk, such as [6,15,18],
focuses on using database technology to efficiently
support OPS-like production rules languages [1].
Other work—including ours—focuses on extending
database systems to include a production rules fa-
cility [4,5,7,11,13,14,17]. Generally, production rules
take the form when X then Y, where Xis a triggering
condition and Yis an action: whenever condition X
is true, action Yis performed. Specific forms of such
rules may be used in particular environments.

We consider production rules in the context of re-
lational database systems. A number of potential
uses motivate the addition of such a facility. Pro-
duction rules are a natural mechanism for integrity
constraint enforcement; more generally, they permit
additional semantic structure for the database. In
active database systems [13], production rules are
used to monitor particular conditions (sometimes

associated with timing constraints) and, when ap-
propriate, to trigger corresponding actions. Produc-
tion rules may be useful for authorization checking
and for maintenance of derived data. Finally, pro-
duction rules in database systems should provide a
flexible framework for building efficient knowledge-
based and expert systems.

We propose a production rules facility compati-
ble with the SQL data manipulation language {10},
although our framework could apply equally well
to other relational database languages. Rule acti-
vation results from user-generated (or application-
generated) database operations. In this paper, we
focus on the syntax of rule definition and the seman-
tics of rule execution. Our syntax is straightforward,
based directly on SQL. The semantics of rule execu-
tion is somewhat more complicated. A number of
issues must be addressed:

e What causes a rule to be triggered? Is it a
database state, a transition from one state to
another, either, both?

e If rules can be triggered by state transitions,
what exactly constitutes a transition? An oper-
ation on a single tuple? A set-oriented database
update? A transaction?

o When are rules executed? At any time? Only
after certain operations? Only at transaction
boundaries?

e What happens if several rules are triggered at
the same time? Are all rules executed? If so,
is there an order? Is only one rule executed? If
so, how is it chosen?

e What happens if execution of a rule causes an-
other rule to trigger? How does the new rule
interact with other triggered rules? Can a rule
trigger itself?

e If rules are not always executed as soon as they
are triggered, what environment is used when a
rule is finally executed?
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o If several rules are triggered simultaneously,
what happens if execution of one rule's action
negates another rule’s condition?

Many existing proposals leave some of these issues
unresolved or unclear, or suggest restrictive solu-
tions. We provide a precise semantics that allows an
easy understanding of rule behavior while remaining
expressive and flexible.

Other proposals for production rules in database
systems (e.g., [4, 5, 7, 13, 17]) consider instance-
oriented rules: rules that are applied once for each
data item satisfying the condition part of the rule.
In contrast, we propose set-oriented rules: rules that
are triggered by sets of changes to the database
and may perform sets of changes. This approach
conforms to the set-oriented approach of relational
database languages. In particular, set-oriented
query processing in relational database systems per-
mits extensive optimization and efficient execution;
the same technology is applicable to our production
rules. Set-oriented execution may also allow rules to
be combined with database operations or with other
rules [8]. In some cases, instance-oriented rules can
be compiled for set-oriented execution [16], but our
direct approach avoids the complications and limi-
tations arising from such a scheme. Finally, our set-
oriented rules allow specification of some conditions
and actions not expressible using instance-oriented
rules.

In Section 2, we define the notion of “operation
blocks”; these correspond to sequences of SQL up-
date, delete, and insert operations. Operation
blocks appear to execute atomically and form the
basis of the database transitions that trigger our pro-
duction rules. In Section 3, we give a syntax for pro-
duction rule definition. The semantics of rule execu-
tion in the presence of externally-generated database
transitions is defined in Section 4. As a first step
towards implementation, Section 4 also includes an
algorithm for rule execution that reflects the desired
semantics. A number of potential extensions are pro-
posed in Section 5. Section 6 contains discussion of
future work.

2 Operation Blocks

In relational database systems, users (or application
programs) submit streams of data manipulation op-
erations for execution. We consider a model of sys-
tem behavior in which these operations are grouped
into operation blocks. We assume that operation
blocks always finish and are executed indivisibly—
we consider a level of abstraction in which multi-
ple users, concurrent processing, and failures are all
transparent. (The correspondence between opera-
tions blocks and database transactions is discussed

in Section 4.) During execution of an operation
block, data items (tuples) may be updated, deleted,
or inserted; for concreteness, we let each block cor-
respond to a non-empty sequence of SQL update,
delete, and insert operations.! We consider oper-
ation blocks (rather than individual operations) for
generality and to permit a formalism that adapts
easily to most relational database languages. Us-
ing a variant of the SQL data manipulation lan-
guage [10] and assuming some familiarity with SQL,
a syntax for operation blocks is given as follows:

op-block = sql-op; sql-op;...; sql-op
sql-op = update-op| delete-op| insert-op
update-op ::= update table

set columns = ezpressions

where predicate
delete-op ::= delete from table

where predicate
insert-op = imsert into table

values (v;,v2,...,,)

| insert into table

( select-op )

select-op = select columns

from tables
where predicate

The predicate in update, delete, and select oper-
ations may be arbitrarily complex and may include
embedded select operations.

We assume a typical relational database struc-
ture [3]: a set of named tables is defined, each hav-
ing a fixed set of named and typed columns.? In a
given state of the database, each table contains zero
or more tuples, where a tuple assigns a single value
to each column of the table. Duplicate tuples may
appear in a table. In subsequent discussion, we of-
ten identify certain (multi)sets of tuples—some are
tuples in the database, while others are tuples that
have existed in a previous state of the database but
have since been deleted. Often, we assume that these
sets are actually composed of system tuple handles—
distinct, non-reusable tuple identifiers.

To define the semantics of operation blocks, we
begin by describing the behavior of the SQL opera-
tions:

1For simplicity, we do not include select operations
here since they leave the database state unchanged. A
possible extension is to consider select operations here,
which would allow rules to be triggered by data retrieval;
see Section 5.

2Tn some cases the database schema may change over
time. For simplicity, we assume a fixed schema. Also, in
this paper we do not consider views.
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e update: The tuples in the specified table sat-
isfying the given predicate are identified. For
each identified tuple, the expressions are evalu-
ated and the results are assigned to the specified
columns.

¢ delete: The tuples in the specified table sat-
isfying the given predicate are identified. Each
identified tuple is deleted from the table.

e insert with values: A new tuple containing val-
ues (v1,...,v,) is added to the specified table.

o insert with select operation: The embedded se-
lect operation is evaluated producing a group of
tuples. Each tuple is inserted into the specified
table.

Thus, given a database state and an SQL operation,
the operation either updates, deletes, or inserts zero
or more tuples in a single table. A new database
state results.

Now consider execution of an operation block.
Each operation in the block transforms the database
state. However, since operation blocks are executed
indivisibly, we are interested only in the single state
transformation that results from the entire sequence
of operations. The net effect of execution of an op-
eration block can be described by:

o the tuples that are inserted by the block—tuples
that exist in the final state but not in the initial
state;

e the tuples that are deleted by the block—tuples
that exist in the initial state but not in the final
state;

e the tuples that are updated by the block—
tuples that exist in the initial and final states
but whose values may have been changed by
update operations in the block.

Thus, we associate with every operation block a
triple, (U, D,I], where U is a set of tuple handles
identifying those tuples updated by the block, D is
a set of tuple handles identifying those tuples deleted
by the block, and I is a set of tuple handles iden-
tifying those tuples inserted by the block. (In the
full paper {19], we formally define these sets based
on a semantics given for the individual operations.)
We refer to execution of a single operation block as a
database trensition, and we call the associated triple
(U, D, I] the effect of the transition.

Notice that a transition effect does not include a
tuple’s history through execution of the operation
block. If a tuple is updated by several operations
and then deleted, we note only the deletion, since
this is the net effect of the transition. Similarly,

multiple updates of a tuple are observably equivalent
to a single update (since set U in transition effects
contains tuple handles only), an insertion followed
by an update is observably equivalent to inserting
the updated tuple, and an insertion followed by a
deletion is not visible at all. In contrast, we do not
consider deletion of a tuple followed by insertion of
a new tuple as equivalent to updating the original
tuple, since tuple handles are not reused.

3 Rule Definition

Production rules are triggered by execution of op-
eration blocks. We do not want every rule to be
triggered by every block, however—we want rules
to be triggered by specified operations on specified
tables. Hence, we define the notion of transition
predicates—predicates of the form “updated table”,
“deleted from table”, and “inserted into table”.3
Transition predicate updated t, where t is a table
name, is true with respect to a transition with effect
[U,D,I] if and only if set U contains one or more
handles for tuples in table t; similarly for predicates
deleted from t and inserted into t. In the full
paper, we consider an extension in which transition
predicates may be combined using boolean operators
and, or, and not. Here, for simplicity, we restrict
ourselves to base predicates. Thus, the syntax for
transition predicates is:

trans-pred ::= updated table
|  deleted from table
| inserted into table

We may also want to qualify execution of a trig-
gered rule; that is, we may want to specify a con-
dition that must hold if a triggered rule is to ex-
ecute its action. Hence, in addition to specifying
a transition predicate, an arbitrary SQL predicate
may be included. For simplicity, we assume that
the action specified in a production rule is an opera-
tion block. (As an extension, we might permit more
general actions here, such as data retrieval, trans-
action abort, or arbitrary program execution; see
Section 5.) Thus, we propose the following syntax
for production rules:

when trans-pred
where predicate
then op-block

prod-rule =

The when clause controls rule triggering. The
where clause is the condition part of the rule. As
in SQL operations, the predicate may be arbitrar-
ily complex and may include embedded select op-
erations; it may also be omitted, in which case the

3A straightforward extension is to also allow transi-
tion predicates of the form “updated table.column”.
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meaning is equivalent to including where true. The
then clause is the action part of the rule, an opera-
tion block as defined in Section 2. Note that all three
components of a rule are set-oriented constructs, as
illustrated by the examples given below.

In externally-generated operations (operations is-
sued by users or application programs), all references
to database tuples refer to the “current” state—the
contents of the tables at the time the operation be-
gins execution. Since production rules are triggered
by a state transition in which tuples are updated,
inserted, and deleted, in a rule one may also want to
refer to the following groups of tuples:

e the inserted tuples: the values of those tuples in
the current state of the database that were in-
serted by the transition that triggered the rule;

o the deleted tuples: the values of those tuples
in the previous state of the database that were
deleted by the transition that triggered the rule;

o the old values of the updated tuples: the val-
ues of those tuples in the previous state of the
database that were updated by the transition
that triggered the rule;

o the new values of the updated tuples: the val-
ues of those tuples in the current state of the
database that were updated by the transition
that triggered the rule.

To permit this, we define an extended SQL syntax
for select operations appearing in the condition and
action parts of production rules. For referring to the
tuples inserted by a transition, we add the keyword
inserted,* which may precede a table name in the
from clause of embedded select operations:

select columns
from ..., inserted table tvar , ...
where predicate

References to table variable tvar in the select and
where clauses of this operation refer to the tuples
in the specified table that were inserted by the tran-
sition triggering the rule. A table qualified with in-
serted need not be assigned a variable name as long
as there is no conflict with references to the cur-
rent value of the same table. Similarly, table names
in embedded select operations may be preceded by
deleted, old updated, or new updated, for re-
ferring to the deleted tuples, the old values of the
updated tuples, or the new values of the updated
tuples, respectively.

We call the logical table obtained by preceding a
table name with inserted, deleted, old updated,

4 Although keyword inserted is also used in transition
predicates, there should be no confusion.

or new updated a transition table. The transition
table construct is quite powerful since, in a single
transition, a number of operations may be performed
on a number of different tables. However, we restrict
use of transition tables to those tables relevant to the
rule in which the construct appears: A rule of the
form when inserted into t... (where t is a table
name) may use only inserted t; a rule of the form
when deleted from t... may use only deleted
t; a rule of the form when updated t... may use
only old updated t and new updated t. These
restrictions are syntactic, therefore they are easily
enforced.

3.1 Example

We give a simple example illustrating rule defini-
tion. Additional examples are included in [19]. Con-
sider a database schema with two tables, emp and
dept. Table emp maintains employee data, having
columns for emp_no (which is unique), salary, and
dept_no. Table dept maintains department data,
having columns for dept_no and mgr_no (both are
unique). Thus, we have:

emp(emp_no, salary, dept.no)
dept(dept.no, mgr_no)

Although our example is relatively unrealistic, it
serves to illustrate important aspects of production
rule definition. The rule states: Whenever employ-
ees are inserted, check the new average employee
salary. If it exceeds the salary of the manager of
department #5, give all inserted employees a 10%
salary cut.

when inserted into emp
where avg(select salary from emp) >
(select salary from emp e, dept d
where e.emp.no = d.mgr_no
and d.dept.no = 5)
then update emp
set salary = 0.9 x salary
where emp no in
(select emp no from inserted emp)

4 Rule Execution

Production rules are activated automatically as
a result of database state transitions caused by
externally-generated operation blocks. Suppose a
stream of operation blocks is submitted for execu-
tion (and production rules are not considered). We
denote system behavior using the following graphi-
cal notation:

81 gz 83
> S > S
So T 1 T 2 T
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So, S1, S2... denote database states while the arcs
denote state transitions. 7y, T, T3... are unique
transition labels; &, &, £3... denote the effects
of the transitions. Recall that a transition effect £
is actually a triple [U, D,I]. For notational conve-
nience, we let U(£), D(£), and I(£) denote the U,
D, and I components of £, respectively.

We assume that externally-generated operation
blocks correspond to database transactions.’ That
is, each state in the execution sequence above cor-
responds to a state in which a transaction begins
execution; the subsequent state corresponds to the
point at which the user or application program re-
quests that the transaction be committed. This
one-to-one correspondence between transitions and
transactions holds only for externally-generated op-
erations. When rules are executed, a single transac-
tion is composed of one externally-generated transi-
tion followed by some number of rule-generated tran-
sitions (that is, rules are considered and executed
just before committing each externally-generated
transaction). A detailed semantics follows.

4.1 A Single Rule

Suppose a single production rule R is defined, and
consider a transition 7 with effect £:

£

S — 9

We say that rule R is triggered by transition T if
R’s transition predicate is true with respect to £ (as
defined in Section 3). Triggering alone is not enough
to initiate execution of the action part of a rule—the
specified condition must also hold. Suppose rule R
is triggered by transition 7. Recall that the condi-
tion part of a rule may refer to the current state of
the database (state S’). Additionally, R’s condition
may refer to the logical transition tables introduced
in Section 3. These tables are derived from transi-
tion effect £ and from pre- and post-transition states
S and §’; details are given in the full paper.

If R’s condition holds, then, before execution of
another externally-generated operation block, R’s
action is executed. As with evaluation of R’s con-
dition, execution of R’s action may depend on the
tables in state S’ as well as on transition tables. Ex-
ecution of R’s action causes a new transition, which
we label Tx:

£ Er
S - S
T S Tr

- Gt

®As an extension, we might permit more flexibility

with respect to transitions and transactions; see Sec-
tion 5.

Since the action part of a rule is an operation
block producing an effect and a new state, rule-
generated tramsition Tx is indistinguishable from
externally-generated transitions. Thus, we allow a
rule-generated transition to trigger other rules, or
even trigger the same rule again. Since we are re-
stricting attention to a single rule, consider an ex-
ample of the latter case. Suppose the triggering con-
dition of rule R is an update to table t and, as its
action, rule R further updates t. Transition 7g then
corresponds to an operation block consisting of an
update t... operation. Assume that set U(€Rg) is
non-empty, i.e., at least one tuple is selected in R’s
update. Then rule R is triggered again by transition
Tgr. If R’s condition again holds, then R’s action is
executed a second time and we have:

S g SI £R > SII £'R

T Tr Th
If U(£}) is non-empty, R is triggered again by tran-
sition 7}, and its condition may still hold. In fact,
if R is always triggered by the transition caused by
executing its action, and its condition always holds,
then execution of R repeats indefinitely.®

SHI

4.2 Multiple Rules

Now consider multiple rules, so that more than one
rule may be triggered by a given transition. Assum-
ing we are not interested in a semantics based on
parallel execution, the triggered rules must be ac-
tivated in some order, taking into consideration the
transitions created as rules are executed (which may
also trigger new rules). We begin by considering in
detail the first two rule-generated transitions follow-
ing an initial externally-generated transition. We
then generalize by describing system behavior at an
arbitrary point during rule processing.

Let 77 be an externally-generated transition that
triggers some number of rules Ry, R3,..., Rn. These
are used to define a set p of “pending” triggered
rules. Rules triggered by subsequent transitions may
be added to this set (as described below), so we in-
clude with each rule in p the label of the transition
that triggered the rule. Thus, the initial value of
the set is py = {(R1,Th),(R2, 1) - .., (Rn, Th)}. In-
cluding the set of triggered rules in our notation, we
write:

8The potential for such behavior is similar to the po-
tential for infinite loops or non-terminating concurrent
programs. We might want to provide a static rule anal-
ysis facility that issues a warning when the possibility of
divergence is detected; see Section 6. Run-time detection
using a timeout mechanism could also be incorporated.
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The next step is to choose a rule for consideration
from the set of triggered rules. We defer discussion
of how a rule is chosen—several possibilities are dis-
cussed in Section 4.4 below—and assume that we
have some rule selection method. Suppose a rule
R; is chosen. Element (R;, 7;) is removed from set
p1 and R;’s condition is evaluated. If R;’s condition
does not hold, then R;’s action is not executed and a
new rule is chosen. Note that we do not return R; to
the set of triggered rules; once we have determined
that a triggered rule’s condition does not hold, that
rule is no longer considered.

Suppose R;'s condition does hold. Then R;’s ac-
tion is executed and we have:

& &
So == i/ ——> Si/p:
1 T

The new set p of triggered rules contains the re-
maining rule-transition pairs from p;. Set p; must
also reflect new rules triggered by transition 75. We
defer discussion of newly triggered rules, first dis-
cussing rules carried over from set p;.

Let R; be a rule carried over from set py, and sup-
pose that element (R;, 7;) is now selected from set
p2 for consideration. Rule R; may include references
to transition tables and to the “current” database
state. Immediately following transition 77, the cur-
rent state was clearly S; and the transition tables
were derived from transition effect £ and states Sg
and S5;. However, execution of rule R;’s action (tran-

- sition 73) may have altered the database state and
may have affected tuples in R;’s transition tables.
Thus, we must carefully define the environment in
which R;’s condition is to be evaluated and, if the
condition is true, the environment in which R;’s ac-
tion is to be executed.

It seems evident that if R;’s action is executed,
execution should proceed with S; as the current
state—it is not sensible to perform an operation in
an outdated database state. Then, since we do not
want to execute a rule in a state in which its condi-
tion does not hold, the current state for evaluation
of R;’s condition should also be S;. The implication
of this choice is that it is possible for R;’s condition
to hold at the time the rule is triggered (in state S;),
but not hold by the time the condition is evaluated
(in state S5). Conversely, a triggered rule may have
a condition that does not hold initially, but does
hold by the time it is evaluated.

Now consider R;’s tramsition tables. We distin-
guish three cases: R; is a when inserted into rule,

R; is a when deleted from rule, and R, is a when
updated rule.

Case 1: R; = when inserted into t...

After 7;, transition table inserted t refers to those
tuples of table t in state S; identified by tuple han-
dles in I(£1). However, these tuples may have been
subsequently updated or deleted by transition 73.
In keeping with the decision to evaluate and execute
rule R; in current state Sz, we use a current version
of transition table inserted t: we do not include in-
serted tuples subsequently deleted by transition 73,
and the values for the remaining inserted tuples are
obtained from state S;. (Recalling Section 2, note
that this parallels the definition of a transition effect:
updating an inserted tuple is equivalent to inserting
the updated tuple, and an insertion followed by a
deletion is not considered at all. Here, with respect
to rule R;, we are effectively treating 7; and 7; as a
single transition taking state Sp to state S;.) Sup-
pose also that during transition 73, additional tuples
are inserted into table t. There are two possibilities
here: either rule R; can be triggered a second time
by transition 73, or the newly inserted tuples can be
added to R;’s transition table. In the spirit of treat-
ing 77 and 73 as a single transition with respect to
rule R;, we choose the latter option. Thus, in rule
Rj, inserted t now also includes those tuples of ta-
ble t in state S identified by tuple handles in I(£;).

Case 2: R; = when deleted from t...

Tuples in transition table deleted t could not have
been updated or deleted by transition 73, since they
did not exist in state §;. However, additional tu-
ples could have been deleted from table t during
transition 7. Again treating 7; and 7; as a sin-
gle transition with respect to rule R;, we want to
include these tuples in deleted t, but only if they
existed in state Sp; that is, we do not want to add
deleted tuples that were inserted during (or follow-
ing) the transition that triggered the rule. Thus, we
add to R;’s deleted t those tuples of table t in state
So whose tuple handles are in D(€;) but are not in
I(&).

Case 3: R; = when updated t...

Tuples updated by transition 7; may have been
deleted or further updated by transition 73. To re-
flect deletions, we do not include in transition tables
old updated t or new updated t any tuples whose
handles are in D(€;). To reflect multiple updates,
the values for the tuples in new updated t are
obtained from current state S;. Now consider the
newly updated tuples—tuples in table t that were
updated by trausition 73 but were not updated by
transition 7;. We want to include these tuples in
old updated t and new updated t only if they
existed in state Sp. Thus, we add to old updated t
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(respectively new updated t) those tuples of ta-
ble t in state Sp (respectively state S2) whose tuple
handles are in U(€;) but are not in U(&;) or I(£;).

We have now fully described how any rule trig-
gered by transition 77 may be considered for exe-
cution following transition 7;. Set p; of triggered
rules must also include those rules newly triggered
by transition 73. As discussed above, rules that were
triggered by transition 7; but have not yet been con-
sidered cannot be triggered a second time by transi-
tion 73; rather, additional changes are accumulated
in the transition tables of the appropriate pending
rules. Hence, after transition 73, set ps contains
all rule-transition pairs remaining from set p;, along
with all pairs (Ry,T;) such that rule Ry’s transi-
tion predicate is satisfied by transition effect &5, and
(Rx, 71) is not already in the set.

The generalization of this semantics is straight-
forward. Consider an arbitrary state S, resulting
from execution of a user-generated operation block
followed by some number of rules:

& &y g
Sp = S - LI
°Tn 1/ T, T, Sn/pn

Set p, of triggered rules contains elements of the
form (R,T;), 1 < z < n, where transition 7, has
triggered rule R and this pair has not yet been se-
lected for consideration. An element (R, T;) is cho-
sen and removed from the set. R’s condition is
checked, with S, as the current database state. If R
contains references to transition tables, these tables
are evaluated as follows (for any table t):

¢ inserted t contains all tuples of table t in state
Sn whose handle appears in some I(£), ¢ <
y < n, but whose handle does not appear in
any D(§), z <y < m;

e deleted t contains all tuples of table t in state
S;-1 whose handle appears in some D(£,), z <
y < n, but whose handle does not appear in any
I(gy)a z S y S n;

e old updated t contains all tuples of table t in
state S;_1 whose handle appears in some U(£,),
z < y £ n, but whose handle does not appear
in any I{£,) or D(&), z < y < n;

¢ new updated t contains all tuples of table t in
state S, whose handle appears in some U(E,),
z < y < n, but whose handle does not appear
in any I(£;) or D(&,), 2 <y < m;

Again, note the close correspondence between these
definitions and the definition of transition effects
(Section 2). Rule R effectively treats its triggering
transition and all subsequent transitions until the
time it is considered (i.e., transitions T, ..., T.) as

if they were a single triggering transition.” After R’s
condition is checked, if the condition is found to be
false, then a new rule-transition pair is chosen from
set p,. (If p, is empty then there are no rules left
to consider and the next user-generated operation
block may be executed.) If R’s condition holds, then
its action is executed (with respect to current state
S, and the transition tables as described above),
creating the next transition. Rules triggered by the
new transition are added to the set of triggered rules
if they are not already in the set, and a new rule is
selected for consideration.

4.3 Rule Execution Algorithm

We give an algorithm that reflects our semantics of
rule execution. We do not assume access to all pre-
vious states and transition effects. Rather, we main-
tain for each transition (starting with the most re-
cent externally-generated tranmsition) enough infor-
mation to construct tramsition tables for any rule
triggered by that transition; this information is mod-
ified incrementally as operation blocks are executed
and new transitions are created. Many aspects of
the algorithm are simplified considerably from an
implementation, however. For example, the entire
database state does not need to be saved before each
transition, and, instead of automatically maintain-
ing all transition table information for each transi-
tion, we might consider which rules have actually
been triggered.

The algorithm is given in Fig. 1. It loops in-
definitely as long as there are externally-generated
operation blocks to be executed. Each iteration of
the loop corresponds to a single transaction contain-
ing an externally-generated transition followed by
consideration and possible execution of some num-
ber of rules. Variable trans-list is used to main-
tain an ordered list of transitions (represented by
their unique labels), starting with the most recent
externally-generated transition. Other variables are
self-explanatory. We assume the existence of the fol-
lowing functions:

e current-state() returns the current state of the
database;

o ezecule-ezternal-block() executes the next
externally-generated operation block and re-
turns a pair containing a unique label for the
created transition and the transition effect;

7One exception to this is that a when inserted
into rule remains triggered even if all inserted tuples
are deleted before the rule is considered; similarly for a
when updated rule. For consistency, we could detect
such situations and “untrigger” the relevant rules.
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repeat
old-state — current-state();
(T, &) ~ ezecute-ezternal-block();
p—@&
for each R € triggered(€£) do
p—pU{(RT)}
end for;
init-trans-tables (T, £, old-state);
trans-list — (T);
while p # ¢ do
repeat
(R,T) — select-rule(p);
p—p—{(R,T)}
cond-holds — check-condition (R, T)
until cond-holds or p = g;
if cond-holds then
old-state — current-state();
(T,€) — ezecute-rule-block(R, T);
for each R ¢ triggered(£) do
if R does not appear in p then
p—pU{(RT)}
end if
end for;
modify-trans-tables(trans-list, £, old-state);
init-trans-tables(T , £, old-state);
trans-list — append (trans-list, T)
end if
end while

forever

Figure 1: Rule Execution Algorithm

e triggered(£) returns the set of rules whose tran-
sition predicate is satisfied by effect £;

o select-rule(p) returns one member of set p of
rule-transition pairs;

® check-condition(R,T) returns true if rule R’s
condition holds with respect to the current
database state and the current version of 7's
transition tables, and returns false otherwise;

o ezecute-rule-block(R,T) executes rule R’s ac-
tion with respect to the current database state
and the current version of 7’s transition tables,
and returns a pair containing a unique label for
the created transition and the transition effect.

Two procedures are called; in the full paper, algo-
rithms are given for both:

¢ init-trans-tables(7, £, old-state) initializes tran-
sition table information for the transition la-
beled 7. A mapping is established from 7 to
three sets: a set inserted containing tuple han-
dles for those tuples inserted by T, a set deleted

containing values for those tuples deleted by 7,
and a set updated containing handle-value pairs
for those tuples updated by 7. Handles are used
to obtain new values while old values are kept
explicitly.

o modify-trans-tables(trans-list, £, old-state) mo-
difies transition table information for each tran-
sition in trans-list, based on a new transition
with effect £ and pre-transition state old-state.
For each 7 in trans-list, sets inserted, deleted,
and updated are modified as described in Sec-
tion 4.2.

4.4 Rule Selection

We have left unspecified the method for choosing
a rule for consideration when the set of pending
triggered rules has more than one element. (This
is similar to conflict resolution in OPS, which has
received considerable attention [1].) A number of
strategies are possible. Rules could be chosen arbi-
trarily, but such purely non-deterministic behavior
is probably undesirable—in many cases it is useful or
even necessary to have some degree of control over
rule selection. The rules could be totally ordered,
in which case the triggered rule highest in the or-
dering is chosen. We want the flexibility of allowing
rules to be defined independently, however, in which
case a total ordering may not be possible. A com-
promise is to partially order the rules, in which case
a rule is chosen such that no other triggered rule
is strictly higher in the ordering. In some cases we
may also want to take into consideration the age of
the triggering transition, i.e., preferring those rules
triggered least recently or those triggered most re-
cently. For a thorough comparison and evaluation of
rule selection strategies we must consider a number
of large-scale examples. Further discussion of rule
selection is included in [19)].

4.5 Example

A simple example is given to illustrate the semantics
of rule execution. We continue with the database
schema defined in Section 3.1. Our example illus-
trates the cascaded delete method of enforcing ref-
erential integrity:® Whenever managers are deleted,
all employees in the departments managed by the
deleted employees are also deleted, along with the
departments themselves. {We assume a hierarchical
structure of employees and departments. We also

8 Referential integrity is any constraint of the form
“every child must have a parent”. The cascaded delete
method of enforcement requires that whenever a parent
is deleted, so are all of its children.
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assume that employee numbers are not immediately
reused.)

when deleted from emp
then begin
delete from emp
where dept_no in
(select dept_no from dept
where mgr_no in
(select emp_no from deleted dept);
delete from dept
where mgr_no in
(select emp_no from deleted emp)
end

The self-triggering property of this rule under our
semantics correctly reflects the recursive nature of a
cascaded delete.

Additional examples (involving multiple rules) are
given in [19].

5 Extensions

For clarity and simplicity, in many cases we have
omitted features that we may choose to include in
an implementation. In Section 3, two extensions to
our notion of transition predicates were suggested:
first, incorporating predicates of the form updated
t.c (where ¢ names a column of table t), which per-
mits more discriminatory triggering of when up-
dated rules, and second, combining base transition
predicates using boolean operators. Here, we briefly
discuss other potential extensions.

We have considered select as an embedded op-
eration only. Intuitively, it seems that most pro-
duction rules would be triggered by changes to the
database and would perform changes, such as rules
used to enforce integrity constraints. However, we
may want the action part of a rule to include data
retrieval; for example, we might want to define a
rule that automatically delivers a summary of em-
ployee data whenever salaries are updated. In some
cases, we may also want to define rules that are trig-
gered by data retrieval; this is a necessary feature,
for example, if rules are to be used for authorization
checking.? Both features can be added by modifying
the definition of an operation block to include select-
op as a top-level sql-op (recall Section 2). We then
add a transition predicate of the form “selected
table” (or, perhaps, “selected table.column”), and
add to transition effects an S component contain-
ing handles for those tuples that have been selected
during the transition. There are a few issues left
to be addressed, such as whether tuples from em-
bedded select operations are included in S(£), and

. 9 Authorization checking also requires a facility for consid-
ering rules before (rather than after) database operations.

how transition tables based on select operations are
affected by subsequent transitions. In general, how-
ever, it should not be difficult to incorporate data
retrieval into our framework.

We have specified that, as a single transaction, the
system executes an externally-generated operation
block (corresponding to an externally-defined trans-
action) followed by all resulting rule-generated op-
eration blocks. Although this is a reasonable choice
in many situations, we might want additional flexi-
bility in the time at which rules are triggered and
in the correspondence between rules and transac-
tions. (See [2,13] for further discussion of these
issues.) For example, we might want the ability
to specify that a rule’s action should be executed
in a separate transaction. Also, in some cases, it
might be advantageous to execute several externally-
generated transactions before considering triggered
rules, or, conversely, we might prefer to consider
rules earlier than the commit point of an externally-
generated transaction.!0 One way to achieve this is
to allow user-defined “rule triggering points”: When
a rule triggering point is reached, the externally-
generated transition is considered complete, rules
are processed, and a new transition begins. In this
case, the correspondence between transitions and
transactions must be carefully defined.

The action parts of our production rules are lim-
ited to SQL data manipulation operations. This per-
mits a simple and clean formalism. However, just as
database applications generally include more than
simple data manipulation operations (they may in-
clude sections of code in a host programming lan-
guage, commands relating to transactions, etc.) it
would be useful to allow the same flexibility in the
action part of production rules. As a first step,
a simple and certainly useful extension is to allow
transaction abort commands to be issued by rules.
(Adding such a facility to the semantics described
in this paper is straightforward.) Note that if we al-
low more flexibility in the action part of production
rules, we would also want to extend our semantics
to accommodate errors or exception conditions that
may arise during rule execution.

Lastly, as database systems are extended to sup-
port features such as real-time processing and ref-
erences to arbitrary versions, we want our rules to
support these features as well.

6 Future Work

We are implementing a set-oriented production rules
facility following the syntax and semantics proposed

10The latter case is necessary to simulate constraint en-
forcement in existing systems [10].
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in this paper. The facility is being incorporated
into the Starburst extensible database system [9,
12] at the IBM Almaden Research Center. Con-
currently, we are investigating automatic analysis of
set-oriented production rules. Viewed as a program-
ming language, our production rules facility is very
expressive but very unstructured. Rather than lim-
iting expressiveness, we want to provide tools that
support the database production rules programmer.
In particular, the programmer might benefit from
knowing that a set of rules may create an infinite
loop, or from knowing that ordering between cer-
tain rules may affect the final database state. We
envision a facility that uses analysis techniques when
production rules are defined to issue warnings of po-
tential loops and conflicts. Finally, we suspect that a
large class of production rules fall into the category
of constraint-maintaining rules. In many cases, it
may be possible to take a description of a constraint
(at some level) and automatically refine it into a
set of production rules that maintain the constraint.
(Such a facility could also be viewed as a high-level
structuring mechanism for a certain class of rules.)
We are exploring the feasibility of this approach.
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