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Abstract

We propose incorporating a production rules
facility into a relational database system Such
a facility allows defimition of database opera-
tions that are automatically executed when-
ever certain conditions are met In keeping
with the set-oriented approach of relational
data manipulation languages, our production
rules are also set-oriented—they are tniggered
by sets of changes to the database and may
perform sets of changes The condition and
action parts of our production rules may re-
fer to the current state of the database as well
as to the sets of changes tnggering the rules
We define a syntax for production rule defini-
tion as an extension to SQL A model of sys-
tem behavior 1s used to give an exact seman-
tics for production rule execution, taking into
account externally-generated operations, self-
trggening rules, and simultaneous triggering of
multiple rules

1 Introduction

Recently, there has been considerable interest in inte-
grating production rules systems and database man-
agement systems Some work, such as [DE89,SLR88,
Tzv88], focuses on using database technology to ef-
ficiently support OPS-hke production rules languages
[BF*85] Other work—including ours—focuses on ex-
tending database systems to include a production rules
faciity [Coh89, dMS88, Esw76, Han89, KDM88, MD89,
RS589,SHP88,SJGP90] Generally, production rules take
the form when X then Y, where X 1s a tnggening condi-
tion and Y 1s an action whenever condition X 1s true,
action Yis performed Specific forms of such rules may
be used in particular environments
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We consider production rules in the context of rela-
tional database systems A number of potential uses
motivate the addition of such a facihty Production
rules are a natural mechamsm for integrity constramnt
enforcement, as suggested by [Esw76] More generally,
production rules permut additional semantic structure
for the database In active database systems [MD89,
Mor83], production rules are used to momtor particu-
lar conditions (sometimes associated with timing con-
straints) and, when appropnate, to trigger correspond-
ing actions [Esw76] suggests that production rules
may be useful for authonzation checking and for main-
tenance of derived data Finally, production rules in
database systems provide a flexible framework for build-
mg efficient knowledge-base and expert systems

We propose a production rules faciity compatible
with the SQL data mampulation language [IBMS88],
although our framework could apply equally well to
other relational database languages Rule activation
results from user-generated (or application-generated)
database operations In this paper, we focus on the syn-
tax of rule definition and the semantics of rule execution
(Details of implementation 1ssues will be presented in a
future report ) Our syntax 1s straightforward, based dr-
rectly on SQL The semantics of rule execution 1s some-
what more complicated A number of 1ssues must be
addressed

o Trigger cause What causes a rule to be tniggered?
Is it a database state, a transition from one state
to another, either, both?

e Transition granularity If rules can be triggered by
state transitions, what exactly constitutes a tran-
sition? An operation on a single tuple” A set-
onented database update? A transaction?

e Ezecution points When are rules executed? At
any time? Only after certain operations? Only at
transaction boundarnes?

o Ezecution scheduling What happens 1if several
rules are triggered at the same time? Are all rules
executed? If so, 1s there an order? Is only one rule
executed? If so, how 1s 1t chosen?

e Ezecution environments If rules are not always ex-
ecuted as soon as they are triggered, what environ-
ments are used when rules finally execute?

e Trigger cascade What happens if execution of a
rule causes another rule to trigger” How does the



new rule interact with other triggered rules? Can
a rule tngger 1tself?

e Trigger permanence 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 1ssues un-
resolved or unclear, or suggest restrictive solutions We
provide a precise semantics that allows an easy under-
standing of rule behavior while remaining expressive
and flexible

Most other proposals for production rules in database
systems (e g, [Coh89, dMS88, Esw76, MD89, SIGP90])
consider instance-oriented rules rules that are applied
once for each data item satisfying the condition part of
the rule (For example, one might define an stance-
orniented rule that 1s applied once for each tuple in-
serted mto the database ) In contrast, we propose set-
oriented rules rules that are triggered by arbitrary sets
of changes to the database and may perform sets of
changes (For example, a single set-oriented rule might
operate on all tuples inserted into the database during
the course of a transaction ) This approach conforms
to the set-onented approach of relational database lan-
guages In particular, set-oriented processing in rela-
tional database systems permits efficient execution of
non-procedural quenes through extensive optimization
Such optimization 1s not inhibited by the presence of our
set-oriented production rules, furthermore, 1t 1s directly
apphcable to the rules themselves Set-oriented execu-
tion may also allow rules to be combined with database
operations or with other rules [FPT88] In some cases,
mstance-oriented rules can be compiled for set-onented
execution [SdM88, SIGP90], but our direct approach
avoids complications and limitations ansing from such
a scheme Finally, our set-oriented rules allow specifi-
cation of some conditions and actions not expressible
using mstance-oriented rules

The paper proceeds as follows Section 2 describes
our model of database system execution We mtroduce
the notion of “operation blocks” —sequences of data ma-
mipulation operations that appear to execute atomically
and form the basis of the database transitions that trig-
ger our production rules A semantics for operation
blocks 1s nigorously defined, based on the semantics of
the component operations In Section 3, we give a syn-
tax for production rule defimtion, several examples are
included The semantics of rule execution mn the pres-
ence of externally-generated database transitions 1s de-
fined 1n Section 4 As a first step towards implementa-
tion, Section 4 also includes an algonthm for rule exe-
cution that reflects the desired semantics A number of
potential extensions are proposed in Section 5 Section 6
contains discussion of future work

2 Model of System Execution

We assume a typical relational database structure
[Cod70] a set of named tables (or relations) 1s defined,
each having a fixed set of named and typed columns (or
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attributes) ! In a given state of the database, each table
contains zero or more tuples, where a tuple assigns a
single value (or null) to each column of the table Du-
plicate tuples may appear 1n a table For convemience,
we assume that associated with each tuple 1s a system
tuple handle—a distinct, non-reusable value 1dentifying
the tuple and 1ts containing table In subsequent discus-
sion, we use tuple handles to 1dentify certamn (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

2.1 Operation Blocks

In relational database systems, users (or application
programs) submit streams of data mampulation oper-
ations for execution We consider a model of system
behavior in which these operations are grouped into
operation blocks We assume that operation blocks al-
ways fimsh and are executed indivisibly—we consider
a level of abstraction in which multiple users, concur-
rent processing, and failures are all transparent (The
correspondence between operations blocks and database
transactions 1s discussed 1n Section 4 ) Dunng execu-
tion of an operation block, sets of tuples may be 1n-
serted, deleted, or updated, for concreteness, we let each
block correspond to a non-empty sequence of SQL in-
sert, delete, and update operations 2 We consider
operation blocks (rather than individual operations) for
generahty and to permit a formahsm that adapts easily
to most relational database languages Using a vanant
of the SQL data mampulation language [IBM88] and
assuming some famihanty with SQL, a syntax for oper-
ation blocks 1s given as follows

op-block = sql-op; sql-op; 3 sql-op
sql-op = nsert-op | delete-op | update-op
nsert-op = insert into table

values (v1,v2, ,n)

|  insert into table

( select-op )
delete-op = delete from table

[ where predicate |
update-op = update table

set columns = ezpressions

[ where predicate ]
select-op = select columns

from tables
[ where predicate ]

The predicate in delete, update, and select opera-
tions may be arbitranly complex and may mnclude em-

'In some cases the database schema may change over
tume For smphaty, we assume a fixed schema Also, 1n
this paper we do not consider views

2For simphaity, we do not include select operations here
since they leave the database state unchanged A possible
extension 1s to consider select operations here, which would
allow rules to be triggered by data retrneval, see Section 5



bedded select operations If the predicate 1s omtted,
the meaning 1s equivalent to including where true

We describe the behavior of the SQL operations with
respect to a given database state For each operation
we also define an affected set a set of tuple handles
dentifying those tuples “affected” by the operation For
update operations, the affected set also indicates which
columns are updated (Affected sets are used below to
define the semantics of operation blocks )

e insert with values A new tuple contaiming values
(vi,v2, ,vpn)1s added to the specified table The
affected set for this operation contains the handle
for the inserted tuple

e insert with select operation The embedded select
operation 1s evaluated producing a group of tuples
Each tuple 1s inserted nto the specified table The
handles for the inserted tuples form the affected set
for this operation

o delete The tuples in the specified table satisfying
the given predicate are 1dentified The handles for
these tuples form the affected set for this operation
The tuples are deleted from the table 3

o update The tuples in the specified table satis-
fying the given predicate are 1dentified For each
tuple, the expressions are evaluated and the results
are assigned to the specified columns The affected
set contains handle-column pairs 1dentifying each
updated tuple and specified column ¢ (Note that 1t
15 possible for the values of columns affected by an
update operation to actually remain unchanged )

Now consider an operation block Execution begins
m some 1mtial database state Each operation in the
block 1s executed as described above, producing a new
database state which 1s used by the subsequent opera-
tion Since operation blocks are executed indivisibly, we
need not consider the intermediate states, but only the
state transition that results from executing the entire
sequence of operations Hence, we refer to execution of
an operation block as a transition A transition labeled
T taking a database from a state S to a state S’ 1s de-
noted graphically as

S —— g

p= (1)

2.2 Transition Effects

For production rules, we are particularly interested n
the “effect” of a transition those tuples in the database
that have been inserted, deleted, or updated Since op-
eration blocks are executed indivisibly, we want to con-
sider the overall effect of a transition, rather than the

3Recall that tuple handles are not reused After the dele-
tion, the affected set i1dentifies tuples in a previous state of
the database

4For convenience, we define the affected set to include one
element for each column of each updated tuple In practice,
this set can contain one element for each updated tuple,
1dentifying all updated columns
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imdividual effects of the component operations For ex-
ample, if a tuple 1s updated by several operations and
then deleted, we consider only the deletion, since this
1s the net effect of the transition Similarly, multiple
updates of a tuple are considered as a single update, an
insertion followed by an update 1s considered as an in-
sertion of the updated tuple, and an mnsertion followed
by a deletion 1s not considered at all In contrast, how-
ever, we never consider deletion of a tuple followed by
insertion of a new tuple as an update to the omgmal
tuple

Formally, the effect of a transition 1s a tnple, (I, D, U]
I 1s a set of handles 1dentifying those tuples inserted by
the transition, D 1s a set of handles 1dentifying those tu-
ples deleted by the transition, and U 1s a set of handle-
column pairs 1dentifying those tuples and columns up-
dated by the transition Note that since [I, D, U] rep-
resents the overall effect of a transition, a given tuple
handle may appear 1n at most one of the three sets

Although sets I and D of a transition effect are always
derivable from the database states preceding and follow-
g the transition (1e, states S and S’ i (1) above),
set U 1s not As mentioned above, U contains handle-
column pairs for those tuples selected for an update, re-
gardless of whether a value 1s actually changed The ef-
fect of a transition 1s, however, always denivable from the
operation block producing the transition, along with the
state of the database as the operation block executes
(Computing transition effects this way 1s necessary for
efficiency, in any case ) We give a ngorous description
of the derivation, since the concepts and defimtions in-
troduced here also are used in Section 4 to define the
semantics of production rule execution

Let B be an operation block The effect of a transition
corresponding to execution of block B, denoted £(B),
1s defined inductively Suppose first that B consists of
a single operation op, and let ,A(op) denote the affected
set for op (as defined 1n Section 2 1)

e If op1s an insert, then £(B) = [A(op), 3, 7]

e If op 1s a delete, then £(B) = (@, A(op), d]

e If op 1s an update, then £(B) = [8, @, A(op)]

Next, we give a general procedure for composing
consecutive transition effects Suppose an operation
block B; 1s executed, producing a transition 7; with
effect £(B1) = [I1,D1,U1] Then an operation block
B, 1s executed, producing a transition 7; with effect
&(B;) = [I, D3,U3] In our graphical notation, the ef-
fect of a transition 1s mndicated above the arrow for the
transition Thus, we have

E(B1) &(By)
T T
We are interested in the transition effect that corre-
sponds to treating the two transitions as an mdivisible
umt, 1 e, when Bj; By 1s a single operation block
E(B1; Ba)
T

SII

s" (2)



Definition 2.1 (Transition Effect Composition)
Let [I,,Dq,U;] and [I3,Ds,Us] be transition ef-
fects The composition of these two effects, denoted
(I1, D1, U1) o [In, D2, Us), 1s effect [I, D, U] where

e I=(UL) - D,
I 1dentifies all tuples that were inserted by either
transition and were not subsequently deleted Note
that there 1s no need to subtract set D, since han-
dles in D; cannot appear m I or Iy

o D= (D1 UDz)—Il
D 1dentifies all tuples that were deleted by either
transition and existed prior to the first transition
(1e, were not inserted by the first transition)

o U= (U1 UU2) -—(DzUIl)
U 1dentifies all tuples that were updated by either
transition, were not subsequently deleted, and ex-
1sted prior to the first transition Note our “mus-
use” of the set difference operator here The 1n-
tended meaning 1s to delete from set Uy U U3 every

handle-column pair where the handle appears in set
DU L [m]

The effect of indivisibly executing two consecutive op-
eration blocks 1s thus defined as the composition of the
effects of the individual blocks That 1s, i (2) above,
8(31 H Bz) = 5(31) o) 5(32)

Defimtion 21 allows us to complete our formal
denvation of transition effects Let operation block
B = opy 5 opy ; opn  Then &(B) = E(op,) ©
E(opy 3 ; opn) By induction and since composi-
tion operator o 1s associative, without ambiguity we can
write £(B) = E(opy) 0 E(opy) o 0 E(0p,)

3 Rule Definition

Production rules are composed of three main compo-
nents a transition predicate, an optional condition, and
an action The transition predicate controls rule tng-
genng, the condition specifies an additional predicate
that must be true 1f a tnggered rule 1s to automatically
execute 1ts action An SQL-lke syntax 1s used for pro-
duction rule definition

prod-rule-def

create rule name
when trans-pred
[ if condation ]
then action

We elaborate on the definition and informal semantics
of the transition predicate, condition, and action A
detailed semantics of rule execution is given 1n Section 4

Production rules are tnggered by database state
transitions—i e , by execution of operation blocks Af-
ter a given transition, those rules whose transition pred-
1cate holds with respect to the effect of the transition are
triggered A transition predicate 1s a hist of basic tran-
sition predicates, which specify particular operations on
particular tables For example, basic transition predi-
cate inserted mnto t (where t 1s a table name) holds
with respect to any transition effect in which the I com-
ponent identifies one or more tuples 1n table t, basic
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transition predicate deleted from t 1s similar Ba-
sic transition predicate updated t.c, where ¢ names
a column of table t, holds with respect to any transi-
tion effect in which the U component contains a handle-
column pair identifying column ¢ of a tuple in table t
We also allow simply updated t, which holds whenever
U 1dentifies a tuple 1n table t, regardless of column In
a rule, the hist of basic transition predicates 1s a dis-
junction the rule 15 triggered by any transition with
an effect satisfying one or more of the basic predicates
mn the list (In [WF89a], we show that 1t 1s possible to
use the condition part of a rule to obtain the effect of
arbitrary boolean combinations of basic transition pred-
icates ) The syntax for transition predicates 1s thus
basic-trans-pred

| basic-trans-pred

or itrans-pred

trans-pred

inserted into table
deleted from table

| updated table column
| updated table

The condition part of a rule 1s an SQL predicate The
predicate may be arbitranly complex and may include
embedded select operations, 1t may also be omitted,
i which case the meaning 1s equivalent to including if
true Embedded select operations allow SQL predi-
cates to refer to the “current” state of the database—
the contents of the tables at the time the predicate 1s
evaluated In addition, we want a rule’s condition to
be able to refer to the changes that triggered the rule
For example, if a rule 1s triggered because transition
predicate inserted into t holds, then i the condition
part of the rule we might want to refer to the set of
tuples 1n table t that were inserted by the tramsition
that triggered the rule Hence, for each basic transition
predicate 1n a rule’s hst, the rule may refer to one or two
corresponding logical tables, as follows (t 1s any table
name)

¢ If inserted into t 1s a basic transition predicate,
then logical table inserted t refers to the tuples
of table t in the current state of the database that
were mnserted by the transition that triggered the
rule

¢ If deleted from t 1s a basic transition predicate,
then logical table deleted t refers to the tuples of
table t in the previous state of the database that
were deleted by the transition that triggered the
rule

e If updated t.c1s a basic transition predicate, then
logical table old updated t.c refers to the tuples
of table t m the previous state of the database in
which column ¢ was updated by the transition that
tniggered the rule, logical table new updated t.c
refers to the current values of the same tuples

basic-trans-pred

¢ If updated t 1s a basic transition predicate, then
logical table old updated t refers to the tuples of
table t mn the previous state of the database that



were updated by the transition that triggered the
rule, logical table new updated t refers to the
current values of the same tuples

We call these ]nmra‘ tables transition tables®

+&vCS

A

4a aual

may refer to transxtlon tables corresponding to its ba-
sic transition predicates by including them 1n a select
statement 1n the usual way, for example

rule

select columns
from , inserted t tvar ,
where predicate

References to table varnable tvar in the select and
where clauses of this operation refer to logical table
inserted t The vanable name (tvar) may be omitted
as long as there 1s no conflict with other references to
table t (see the examples below) The syntax for the
condition part of a rule 15 thus

condition = predicate*
where the * indicates that references to transition tables
are permitted Note that our syntax does not enforce

the restniction that a rule’s condition may only refer to
transition tables corresponding to its basic transition
predicates This restrniction 1s syntactic, however, there-
fore easily checked

The action part of a production rule 1s an operation
block, as defined in Section 21 We may eventually
choose to obtain more flexibihity by permitting actions
to call external procedures (which may include data
manipulation operations), see Section 5 However, for
defining the semantics of rule execution with respect to
the database system, 1t 1s sufficient to assume that the

artinn 1c an v con ANarntdona

aciion is an u.xbxtluf] sequence of S u\q‘u OpCIavions AS

m the condition part of a rule, 1t may be useful in the
action to refer to the changes that tniggered the rule
Therefore, we allow embedded select operations in the
action to refer to transition tables corresponding to the
rule’s basic transition predicates Finally, we also per-
mit the action to simply request a rollback of the current
transaction Thus, the syntax for actions 1s
action op-block*
| rollback

where, again, the * indicates that (legal) re
transition tables are permitted

erences to

3.1
Although we have not yet defined a complete semantics
of rule execution, we give examples Hlustrating rule def-
mition The examples included here and 1n Section 4 5
are somewhat unreahstic, but they serve to illustrate
inportant aspects of production rule defimition and ex-
ecution Additional examples pertaining to a fairly large
case study appear 1n [CW90]

Examples

5Transition tables allow access to a subset of a previous
database state in a rule’s execution environment Determn-
mng which database versions may be referenced in production
rules mvolves dlﬂicult trade-offs among simphcity, expres-

SLYCIITSS, dl.lu uuplcl.u.c.ubuuuu
transition tables appears in Section 4

A o oa oo odens Lo oo
£ PITUIST STULIaIWLS AUL vulr

[\5)

(¥8)

Consider a database schema with two tables, emp
and dept Table emp maintains employee data, hav-
ing columns for name, emp_no (which 1s unique—a key
for the table), salary, and dept no Table dept main-
tains department data, having columns for dept_no and
mgr._no (both are umque) Thus, we have

emp(name, emp.no, salary, dept_no)
dept(deptno, mgr_no)
We use this schema for examples throughout the paper

Example 3.1 Our firsi example ilustrates the “cas-
caded delete” method of enforcing referential in-

" BMS88] Whenever departments are deleted
l:Csl.lllJ ll.uLVLUOJ VY IUUIIOVOL UL pGiviiiviive RAVAT vRa,y

delete all employees in the deleted departments
when deleied from dept
then delete from emp

. e
wiele ucy t noin

(select dept_no from deleted dept)

execute
1‘40 ll cmuse 15 neeucu in uua Iulc——wc want it to execut

whenever one or more departments are deleted

Example 3.2 Our second example 1s more complex
Whenever employee salaries are updated, if the total

f ol 3.2 | R Cnnnde 2L oze 241 L £ . 4L
Ol the updaaved salaries exceeds n€if volad DEIOIC ik
updates, then give all employees of department #2 a

ava all mn]nvnpc of department #3
€ ali empio epartment 73

ROZ cnlawre ant and
v /0 DMOLJ Luv Gllu BrY

a 15% salary cut

whon smdatad ans < 'I -

wilen upuarcua Ullll) Soaaly

if (select sum(salary)
rom: new “nr‘nfnt‘ TN ng_g__l_'v\
irom new updcated emp.s &7 >

(select sum(salary)
from old updated emp.salary)
then update emp
set salary = 0.95 x salary
where dept.no = 2;
update emp
set salary = 0.85 % salary
where dept.no = 3

Example 3.3 Our third example illustrates a compos-
ite transition predicate Whenever employees are in-
serted or deleted, or employee salaries or department
numbers are updated, check if any employee’s salary
exceeds twice the average salary for his department If
so, delete the manager of department #5

when inserted into emp

or deleted from emp

or updated emp.salary

or updated emp.dept.no
if exists (select * from emp el

where salary >
2 * (select avg(salary)
from emp e2

wheona o2 dant no —
wWnere ca.Gept.nte

el. dept_no))
then delete from emp
where emp.no =
(select mgr.no from dept

where dept.no = 5)



4 Rule Execution

Production rules are activated automatically as a re-
sult of database state transitions caused by externally-
generated operation blocks Suppose that a stream of
operation blocks 1s submitted for execution If execu-
tion begins 1n a state Sy and production rules are not
considered, then the system behaves as follows

& & &s
S > S > S »> 3
o—7 T e (3)
Ty, T3, 73 are umique transition labels, &, &, &3

are the effects of the transitions Recall that each tran-
sition effect 1s actually a trniple [I, D, U]

In this paper, we assume that externally-generated
operation blocks correspond to database transactions 8
That 1s, each state 1n execution sequence (3) above cor-
responds to a state in which a transaction begimns exe-
cution, the subsequent state corresponds to the point
at which the user or application program requests that
the transaction be committed This one-to-one corre-
spondence between transitions and transactions holds
only for externally-generated operations When rules
are executed, a single transaction 1s composed of one
externally-generated transition followed by some num-
ber of rule-generated transitions (that 1s, rules are
considered and executed just before committing each
externally-generated transaction) If a rule with a roll-
back action 1s executed, the system immediately rolls
back to the start state for the transaction, 1 e, to the
state preceding the mmtial externally-generated transi-
tion A detailed semantics follows

4.1 A Single Rule

Since the semantics of rule execution when only one
rule 1s defined 1s straightforward, we begin by describing
this case In Section 4 2 we generahze to multiple rules
Consider one production rule R (with a non-rollback
action)

when trans-pred
if condition
then op-block

and consider an externally-generated transition 77 with
effect &;

&
—_—
So o 51
Rule R 1s tniggered 1n state Sy if R’s transition predi-
cate holds with respect to transition effect £, as defined
in Section 3 Triggering alone 1s not enough to imtiate
execution of the action part of a rule—the specified con-
dition must also hold R’s condition may refer to the
current state of the database (state Si), additionally,
R’s condition may refer to the logical transition tables
introduced in Section 3 Recall that transition tables are
based on transition effects and may refer to the current

$Qur approach can be extended to perrmt more flexability
with respect to transitions and transactions, see Section 5
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state or the pre-transition state of the database (For
example, transition table inserted t contans those tu-
ples of table t in state S; 1dentified by tuple handles in
the I component of £, while transition table old up-
dated t.c contains those tuples of table t in state Sp
identified by a handle appearing with column ¢ in the
U component of & ) Thus, evaluation of R’s condition
may depend on &1, S, and Sp

If R’s condition holds, then, before execution of an-
other externally-generated operation block, R’s action
1s executed As with evaluation of R’s condition, execu-
tion of R’s action may depend on the tables in state S;
as well as on transition tables Execution of R’s action
causes a new transition

& &g
7 AT ®)

Notation [R] 1s used to indicate that transition 75 was
generated by rule R

Despite the fact that transition T3 1s caused by a rule
rather than by an externally-generated operation block,
T, 15 indistingmishable from other transitions—the ac-
tion part of a rule 1s an operation block producing an
effect and a new state Thus, we allow the transition
generated by execution of a rule to tngger other rules,
or even trigger the same rule agamn Since we are re-
stricting attention to a single rule, consider an example
of the latter case Suppose the trggering condition of
rule R 1s an update to column c of table t and, as 1ts
action, rule R further updates ¢

So > S

» 51

when updated t.c

if condition

then update t
set ¢ = ezpression
where predicate

Suppose rule R 1s triggered by transition 7, 1ts condi-
tion holds, and 1ts action 1s executed, as i (4) above
Transition 73 then corresponds to an operation block
consisting of a single update t... operation Assume
that the U component of £ 1s non-empty, 1 e, at least
one tuple 1s selected in R’s update Then rule R1s tng-
gered agan 1 state Sp If R’s condition agam holds,
then R’s action 1s executed a second time and we have

&
& 5 & 3

— —_- S
T T, [R] 3

So 52

T3 [R]
If the U component of £ 1s non-empty, R 1s tniggered
agam 1 state S3, and 1ts condition may still hold In
fact, if R 1s always triggered by the transition caused
by executing 1ts action, and 1ts condition always holds,
then execution of R repeats indefimitely 7

"The potential for such behavior 1s summlar to the poten-
tial for infinite loops i conventional programs We mught
want to provide a static rule analysis facility that 1ssues a
warmng when the possibihty of divergence 1s detected, see
Section 6 Run-time detection using a timeout mechanism
could also be mcorporated



4.2 Multiple Rules

Now consider multiple rules Like the semantics given
for a single rule, the interaction of externally-generated
operation blocks and rules 1s

1 Execute an externally-generated operation block,
creating a transition

2 Repeatedly execute rules (creating new transitions)
unti there are none left to execute or a rollback
occurs

3 Gotol

We elaborate on step 2 in the case when several rules
may be triggered by a single transition Assuming we
are not interested in a semantics based on parallel execu-
tion, the tniggered rules must be activated in some order,
taking into consideration the transitions created as rules
are executed (which may also trngger new rules) We
begin by considering in detail the imitial rule-generated
transitions of step 2 We then generahze by descmb-
g system behavior at an arbitrary point during rule
processing

Let 7; be the externally-generated transition 1n
step 1, and suppose that 1ts effect £ contains at least
one non-empty set (If all three sets in & are empty,
then no rules can be triggered and step 2 1s trivial )

&
So —le- 51

As a result of transition 77, some set of rules Ry, Ry,
R, are tniggered A rule 1s chosen from this set for con-
sideration, we defer discussion of how a rule 1s chosen—
several possibilities are discussed i Section 4 4 below—
and assume that we have some rule selection method
Suppose a rule R, 1s chosen R,’s condition 1s evaluated
with respect to current state Sy and transition tables
based on &, S1, and Sy If R,’s condition does not
hold, then R,’s action 1s not executed and a new tng-
gered rule 1s chosen for consideration

Suppose R,’s condition does hold, and assume that
R,’s action 1s not rollback Then the action 1s exe-
cuted and we have

& L)
T T; [R.]

Now we must carefully define which rules are (still) tng-
gered in state Sy, and, for the tniggered rules, how tran-
sition tables are to be evaluated

Asin the single-rule case described 1n Section 4 1, rule
R, 1s triggered a second time in state Sy 1if 1ts transition
predicate 1s satisfied by effect £ of rule-generated tran-
sition T3 If R, 1s chosen for consideration, 1t uses Sy
as the new current state, and 1ts transition tables are
based on &,, S3, and S

For all rules other than R,, we treat rule-generated
transition 73 as if 1t were an additional sequence of op-
erations executed as part of the preceding externally-
generated transition That 1s, transitions 77 and 75 are

So

:51 :Sz
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considered as a single transition with effect £ o &; (re-
call Defimition 2 1 of transition effect composition)

E10&E
Yy

:Sz

-

£
So 2

Tz [R.]

Any rule other than R, 1s triggered 1n state S, if its tran-
sition predicate 1s satisfied by composite effect £ o &
Such a rule’s transition tables are based on effect £; 0 &3,
current state Sz, and pre-transition state Sg As an ex-
ample, consider a rule R, that was triggered 1n state
51 but was not considered prior to rule R, Rule R, 1s
still triggered 1n state S; as long as transition 7Ty does
not “undo” the changes that imtially cansed R, to be
triggered Similarly, a rule R that was not triggered in
state Sy 1s now tniggered 1n state Sy as long as the net
effect of transitions 7; and 7, satisfy the rule’s transi-
tion predicate Finally, a rule that was triggered mn S
but whose condition was found to be false may be re-
considered 1n Sy as long as 1t 1s still triggered by the
composite effect

In summary, the set of triggered rules in state S3 con-
tains R, 1f 1t 1s re-triggered by transition 73, along with
all rules whose transition predicate 1s satisfied by effect
£10 &3 From this set, rules are chosen for consideration
untl one 1s found with a condition that holds or until
there are none left If a rule with a true condition 1s
found, 1ts action 1s executed, creating a new transition

Consider now an arbitrary point i rule processing
A state S, has been reached, resulting from execution
of a user-generated operation block followed by some
number of rules

81 82 g‘n
—- 51 - —p
T Tz [R.] T. [R)]

In state Sp, rules are triggered based on composite tran-
sition effects, the transition tables in their conditions
and actions are defined accordingly If a rule R, has
not yet generated any transitions in the sequence (1 e,
R)’s action has not been executed since the most recent
externally-generated transition), then Ry 1s triggered in
state S, if its transition predicate 1s satisfied by the
composite effect since state Sy

Sn

So

81 [o] gz o] o g-n
S[ 81 S] 82 - gn g
°Tq T [R)] T. [R,]

If rule Ry 1s indeed triggered and 1t 1s chosen for con-
sideration, then 1ts transition tables are based on tran-
sition effect & o & o o &g, current state S,, and
pre-transition state Sp

Suppose instead that rule Ri’s action has been exe-
cuted since mmtial transition 773 Then Ry 1s considered
with respect to the composite transition effect starting
with the most recent transition generated by that rule
That 1s, if 7, 1s the most recent transition generated by



rule Ry, then Ry 1s triggered 1n state S, 1f its transition

predicate 1s satisfied by £, 0E,410  0&,
E:0& 1410 o0&,
{/ \y
&, En
Y Sz > >S5S,
’ AN T [B)]

In this case, rule Ri’s transition tables are based on
transition effect £, 0 &€,41 0 o &,, current state S,,
and pre-transition state S;_; Note that this 1s a nat-

ural extension of the sema e for a single

self-tniggenng rule 8

Following this definition, there 1s some set of rules
triggered 1n state S, Rules are repeatedly chosen from
this set and their conditions are evaluated (with transi-
tion tables as defined above) If the set 1s empty or if no
rule with a true condition 1s found, then rule processing
terminates and the current transaction (which began 1n
state Sp) 1s commutted Otherwise, if some rule with
a true condition 1s found, the rule’s action 1s executed
If the action 1s rollback, then the system rolls back to
state Sp, no rules are triggered and a new externally-
generated operation block may begin execution Oth-
erwise, 1f the rule’s action 1s an operation block, a new
transition 1s created and there 1s a new set of trniggered
rules to consider

o
&
b

n
il

4.3 Rule Execution Algorithm

We now give an algonthm that reflects our semantics of
rule execution The algonthm 1s somewhat more “pro-
cedural” than the semantics as described above In par-
ticular, we do not assume access to all previous states
and transition effects Rather, with each defined rule we
associate composite transition mformation starting with
the state 1n which the rule’s action was last executed
(or the state preceding the initial externally-generated
transition) This information can be used at any time to
determine if the rule 1s triggered and, if so, to construct
the relevant transition tables Each rule’s transition in-
formation 1s modified incrementally as operation blocks
are executed and new transitions are created

Many aspects of the algonthm are still ssmplified con-
siderably from an implementation For example, the en-
tire database state need not be saved before each tran-
sition Rather, the necessary transition information can
be accumulated within transitions similarly to the way,
i this algonithm, we maintain composite mmformation
between transitions (see function modify-trans-info i

80Other semantics are possible here For example, a rule
could be evaluated with respect to the transition since the
most recent pomt at which 1t was chosen for consideration,
regardless of whether 1ts action was executed Or, a rule
could be evaluated with respect to the transition since the
state preceding the most recent triggering of the rule, as
specified 1n our mitial proposal [WF89b] For each interpre-
tation, 1t 1s certamnly possible to contrive examples for which
the semantics 1s mnappropriate As an extension, we might
permut a choice of interpretations to be specified as part of
rule definition
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Fig 1 below, which follows Definition 2 1 of transition
effect composition) Also, for simpheity, in the algo-
nthm we associate with each rule the full set of transi-
tion information, 1n actuality we need only save the sub-
set of that information relevant to the pariicular rule
Of course, In many cases associating transition mnforma-
tion on a rule-by-rule basis will introduce considerable
redundancy-—there 1s substantial need and room for op-
timization here

The main algorthm 1s given mm Fig 1, along with
three functions 1t calls The algonthm loops indefi-
nitely as long as there are externally-generated oper-
ation blocks to be executed Each iteration of the
loop corresponds to a single transaction containing an
externally-generated transition followed by considera-
tion and possible execution of some number of rules
The following variables are used

e old-state of type daiabase siaie,

o & of type transition effect (we let I(£), D(£), and
U(€) denote the I, D, and U components of £,
respectively),

e 1ns of type set of tuple handle,
o del of type set of tuple value,

o upd of type set of (tuple handle, column name, tuple
value),

e R, R of type rule,

o cond-holds of type boolean,
e h, h' of type tuple handle,
e c of type column name,

o v of type tuple value

With each rule R we associate an attnibute R trans-info
This attnibute 1s a triple [ns,del,upd] where ns, del,
and upd have types as above and are used with the fol-
lowing meaning

e 1ns contains handles for inserted tuples (values may
be obtained from the database),

o del contains values for deleted tuples,

o upd contains handles and columns for updated tu-
ples along with relevant old values (new values may
be obtained from the database)

We assume the existence of the following functions

e current-state() takes no arguments and returns the
current state of the database,

e ezecute-external-block() takes no arguments, ex-
ecutes the next externally-generated operation
block, and returns the effect of the created tran-
sition,

e rules() takes no arguments and returns the set of
currently defined production rules,

e rollback-action(R) takes a rule R, returns true if
R’s action 1s rollback, and returns false otherwise,



ezecute-rule-block(R) takes a rule R with a non-
rollback action, executes R’s action with respect
to the current database state and transition tables
denved from R trans-info, and returns the effect of
the created transition,

e select-triggered-rule(p) takes 2 set p
returns some member R of the set such that
transition predicate 1s satisfied by R trans-info (if

no such rule exists, null 1s returned),

check-condition (R) takes a rule R, returns irue if
R’s condition holds with respect to the current
database state and transition tables denved from
R trans-info, and returns false otherwise,

o get-value (h, old-state) takes a tuple handle A and
a database state old-state and returns the value of
the tuple 1n old-state 1dentified by h,

e get-values 1s the same as get-value except 1its first
argument 1s a set of tuple handles and a set of values

1s returned,

o get-old-value (h, old-state, upd) takes a tuple han-
dle h, a database state old-state, and a set upd of
handle-column-value triples If h does not appear
mn upd, then the function returns the value of the
tuple 1n old-state 1dentified by A If h does appear
1 upd, then the function returns the v component
of any (h, ¢, v) 1n upd (all (h,c,v)’s in upd will have
the same v)

4.4 Rule Selection

We have left unspecified the method for choosing a rule
for consideration when more than one rule 1s triggered

(This 1s sumular to conflict resolution in OPS, which has
recerved considerable attention [BF*85] ) A number of
strategles are possible Rules could be chosen arbitrar-
ily, but such purely non-deterministic behavior 1s proba-
bly undesirable—in many cases 1t 1s useful or even nec-
essary to have some degree of control over rule selec-
tion The rules could be totally ordered, in which case
the triggered rule highest in the ordering 1s chosen We
want the flexibility of allowing rules to be defined inde-
pendently, however, in which case a total ordening may
not be possible A compromise 1s to partially order the
rules, 1n which case a rule 1s chosen such that no other
triggered rule 1s strictly higher 1n the ordering For this
1t 1s necessary only to add a syntactic construct such as

create rule priority rule-name; before rule-names

which indicates that rule rule-name; has gher priority
than rule rule-names Any acyche group of such pair-
ings induces a partial order on the set of defined rules
In some cases we may also want to take into account the
tume at which rules were last considered (or executed),
1e, preferring those rules considered least recently or
those considered most recently For a thorough com-
panson and evaluation of rule selection strategies we
must consider a number of large-scale examples
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repeat forever
/* execute ext block, mitiahze trans info */
old-siaie «— curreni-siaie(),
& « ezecute-external-block(),
loms dol umdl «— amat-trgne_infol
Lblbo, wci, wyw CivoU— Vi Wivy vlu’\l\
for each R € rules() do
R trans-info — [ins, del, upd],
/* begin rule execution %/
R «— select-eligible-rule(),
while R # null do
if rollback-action(R) then rollback,
/* execute rule block %/
old-state — current-state(),
£ «— ezecute-rule-block(R),
/* rule R gets new transition info */
R trans-info — wnat-trans-info (&, old-state),
/* modify transition mfo for all other rules +/
for each R' ¢ rules() do if R’ # R then
R' trans-info —
modify-trans-info(R' trans-info, £, old-state),
R « select-eligible-rule()
end while

13

function select-eligible-rule()

repeat
R — select-triggered-rule(rules()),
if R # null then

cond-holds «— check-condition (R)

else cond-holds « false

until cond-holds or R = null,

return (R)

function :nit-trans-info (&, old-state)
s — I(£),
del — get-values (D(E), old-state),
upd — @,
for each (h,c) € U(£) do
upd — upd U {(h, c, get-value (h, old-state)) }
return ( [ins, del, upd])

function modify-trans-info([ins, del, upd], £, old-state)
s «— s U I(E),
for each h € D(£) do
if h € 1ns then s — wns — {h}
else begin
del — del U { get-old-value (h, old-state, upd) },
for each (h',c,v) € upd do
if ' = h then upd — upd — {(h',c,v)}
end,
for each (h,c) € U(£) do
if h ¢ ins and (h, ¢, v) ¢ upd for any v then
upd — upd U
{ (R, c, get-old-value(h, old-state, upd)) },
return ( [ins,del,upd] )

Figure 1 Rule Execution Algonthm



45 Examples

Additional examples are now given to illustrate the se-
mantics of rule execution We continue with the two-
table database schema defined in Section 3 1

emp(name, emp_no, salary, dept_no)
dept(dept_no, mgr no)

Example 4 1 Our first example 1s a vanation on Ex-
ample 3 1 Whenever managers are deleted, all employ-
ees 1n the departments managed by the deleted employ-
ees are also deleted, along with the departments them-
selves We assume a hierarchical structure of employ-
ees and departments We also assume that employee
numbers are not immediately reused—that 1s, a single
externally-generated operation block will not delete an
employee and then insert a new employee with the same
employee number

when deleted from emp
then delete from emp
where dept_no 1n
(select dept_no from dept
where mgr_no in
(select emp_no from deleted emp)),
delete from dept
where mgr_no in
(select emp.no from deleted emp)

The self-triggening property of this rule under our se-
mantics correctly reflects 1ts recursive nature Suppose
that an externally-generated operation block deletes one
or more employees Then the corresponding transition
has an effect in which set D 1dentifies tuples in emp,
so the rule 1s triggered Since the rule has no condition
part, the rule’s action 1s executed, deleting those em-
ployees and departments whose managers were deleted
by the externally-generated deletion If this new tran-
sition deletes one or more employees, then the rule 1s
agamn triggered and its condition holds, so those employ-
ees and departments whose manager’s manager was part
of the oniginal deletion are deleted This behavior con-
tinues until a transition occurs with an effect in which
set D 1dentifies no tuples in emp—until execution of
the rule’s action deletes no further employees

Example 4 2 As a second example, consider a rule
that controls salary updates Whenever salaries are up-
dated, check the average of the updated salaries If it
exceeds 50K, then delete all employees whose salary was
updated and now exceeds 80K

when updated emp.salary
if (select avg(salary)
from new updated emp.salary) > 50K
then delete from emp
where emp_no m
{select emp_no from
new updated emp.salary)
and salary > 80K

Suppose that an externally-generated operation block
updates Bill’s salary from 25K to 30K and updates
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Mary’s salary from 70K to 85K The U component of the
corresponding transition effect 1dentifies column salary
of two tuples 1 table emp, so the rule 1s triggered
The condition holds since the average of the updated
salaries exceeds 50K Hence, the action is executed and
employee Mary 1s deleted

Example 4 3 As a final example, consider system exe-
cution when both rules from Examples 4 1and 4 2 above
are defined at the same time Let R1 denote the rule
from Example 4 1 and let R2 denote the rule from Ex-
ample 4 2 Suppose that an 1mitial state of the database
includes six employees, Jane, Mary, Jim, Bill, Sam, and
Sue, with the following management structure

¢ Jane manages Mary and Jim,
e Mary manages Bill,
e Jim manages Sam and Sue

Now suppose that an externally-generated operation
block deletes employee Jane, the same operation block
also updates salaries such that the average updated
salary exceeds 50K and Mary’s salary 1s updated to ex-
ceed 80K Both rules R1 and R2 are tnggered by this
transition Note that rule R1 1s tnggered with respect
to set {Jane} of deleted employees Let the rules be
ordered so that rule R2 has prionity over rule R1 Rule
R2 executes 1its action, deleting employee Mary, R2 1s
not triggered again At this pomnt, rule R1 1s consid-
ered with respect to the composite change since the
mitial state, thus the set of deleted employees 1s now
{Jane, Mary} Rule R1 executes 1ts action, deleting all
employees and departments still in the database whose
manager 1s either Jane or Mary Employees Bill and
Jim are deleted by this transition, and rule R2 1s tnig-
gered a second time Now the rule 1s considered only
relative to the effect of the most recent transition, so
the set of deleted employees 1s {Bill, Jim} R2’s action
deletes all employees and departments managed by ei-
ther Bill or Jim—employees Sam and Sue are deleted
Finally, R3 executes a third time relative to set {Sam,
Sue} of deleted employees, but no additional employees
are deleted

5 Extensions

We have proposed a syntax for production rule defim-
tion and a semantics for production rule execution that
takes into account externally-generated operations, self-
triggering rules, and simultaneous tniggering of multiple
rules For clanty and simpheity, in many cases we have
omitted certamn features that we may choose to imnclude
1n our first or in a future implementation Here we out-
hine several of these potential extensions

51 Data Retrieval

For simphaty, we have considered select as an em-
bedded operation only Intuitively, it seems that most
production rules would be triggered by changes to the
database and would perform changes, such as rules used
to enforce integrnty constraints However, we may want



the action part of a rule to include data retneval, for
example, we might want to define a rule that automat-
1cally delivers a summary of employee data whenever
salaries are updated In some cases, we may also want
to define rules that are triggered by data retrieval, this
15 a necessary feature, for example, if rules are to be
used for authonzation checking Note that authonza-
tion checking also requires a facility for considering rules
before (rather than after) database operations ® Both
features—triggering by select operations and data re-
trieval in rules’ actions—can be added by modifying the
defimition of an operation block

op-block
sql-op

sql-op , sql-op; , sql-op
update-op | delete-op
|  nsert-op | select-op

Transition predicates of the form “selected te-
ble column” and “selected table” must also be added
Transition effects are then extended to include an S
component containing handle-column pairs for those tu-
ples and columns that have been selected during the
transition There are a few 1ssues left to be addressed,
such as whether tuples from embedded select opera-
tions are included in transition effects, and how to in-
corporate selected tuples in transition effect composi-
tion In general, however, 1t should not be difficult to
mntegrate data retrieval into our framework

5.2 More General Actions

We have hmited the action parts of our production rules
to sequences of SQL data manipulation operations Just
as database applications typically embed data mampu-
lation operations within programs in a host language, 1t
might be useful to allow the same flexibiity in produc-
tion rules This can be done by permitting the action
part of a rule to call an arbitrary external procedure

Adding such a feature need not change the semantics of
rule execution, since the effect on the database of exe-
cuting an external procedure still corresponds to a se-
quence of data manmpulation operations However, rule
storage, action execution, and other aspects of the im-
plementation could become significantly more complex

Also, note that if we allow more flexibility in the action
part of production rules, we would also want to extend
our semantics to accommodate errors or exception con-
ditions that may anse during rule execution

5.3 Transitions and Transactions

We have specified that rules are mitially triggered by
an externally-generated operation block which corre-
sponds to a single externally-defined transaction Sub-
sequently, rules are also triggered by rule-generated op-
eration blocks As a single transaction, the system exe-
cutes the externally-generated operation block followed
by all resulting rule-generated operation blocks Al
though this 1s a reasonable choice 1n many situations,

*Ths 1s also necessary for umplementing procedures and
views using rules, as in [SJGP90]
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we might want additional flexibility 1n the time at which
rules are tnggered and in the correspondence between
rules and transactions (See {CJL88,MD89] for further
discussion of these 1ssues ) For example, we might want
the abihity to specify that a rule’s action should be exe-
cuted 1n a separate transaction In some cases, 1t might
be advantageous to execute several externally-generated
transactions before considering triggered rules, or, con-
versely, we might prefer to consider rules earhier than the
commit point of an externally-generated transaction 10
One way to achieve this 1s to allow user-defined “rule
triggering points” When a rule trnggenng point 1s
reached, the externally-generated transition 1s consid-
ered complete, rules are processed, and a new transi-
tion begins In this case, the correspondence between
transitions and transactions must be carefully defined

6 TFuture Work

The production rules faciity proposed here 1s very ex-
pressive, but it 1s also quite low-level—viewed as a pro-
gramming language, 1t 15 highly unstructured Rather
than hmiting expressiveness, we want to provide tools
that support the database production rules program-
mer In particular, the programmer might benefit from
knowing that a set of rules may create an infimte loop, or
from knowing that ordering between certain rules may
affect the final database state We plan to explore static
rule analysis techniques, these techniques can then form
the basis of a facihty that 1ssues warmngs of potential
loops and conflicts as rules are defined

In addition, we want to provide higher-level facih-
ties for restricted apphcations of our rules system For
example, database mtegnty constraints can automati-
cally be maintained by production rules We have de-
signed a facihty whereby the user defines imntegnty con-
stramnts mn a high-level non-procedural language The
system then performs semi-automatic translation of
these constraints into sets of lower-level production rules
that mamntain the constraints This work 1s described
m [CW90]

Finally, we are currently implementing a set-oriented
production rules facility following the syntax and se-
mantics proposed m this papetr The facility 1s be-
mg built as an attachment to the Starburst extensible
database system [HFLP89,LMP87] at the IBM Almaden
Research Center Design and implementation 1ssues wll
be discussed in a future report
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