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Abstract

This paper addresses the problem of organizing and con-
trolling activities that involve multiple steps of processing
and that typically are of long duration We explore the
use of triggers and transactions to specify and organize
such long-running activities Triggers offer data- or event-
driven specification of control flow, and thus provide a
flexible and modular framework with which the control
structures of the activities can be extended or modified
We describe a model based on event-condition-action rules
and couphing modes The execution of these rules 1s gov-
erned by an extended nested transaction model Through
a detailed example, we 1llustrate the utihty of the various
features of the model for chaiming related steps without
sacrificing concurrency, for enforcing integrity constraints,
and for providing flexible failure and exception handling

1 Introduction

In many computer-supported activities, a user request of-
ten involves multiple “steps” of processing, each of which
may be serviced by a different server, possibly on a dif-
ferent node of a distributed system For example, a pur-
chase order may be 1ssued from an inventory clerk, then
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passed to a manager who approves it, and then passed to
an accountant who makes proper accounting entries We
will call the processing of requests that involve multiple
apphcation steps and that might be of long duration long-
running activities

Traditionally, the control flow between processing steps
was embedded 1n the application programs Thus, each
application had to reimplement the control flows, the syn-
chromzation, and the handling of failures between steps

Various workflow models have been proposed to ex-
phatly speaify the flows of control in long-running activ-
1ties, instead of embedding them in application programs
(e g [Z1sm78), [DZ81], [Barr82], [CC82], [LR83], [BP83],
[WL86]) Ths expliat representation of control flow fa-
cihitates understanding the structure of the long-running
activities However, the early workflow models do not ad-
dress the problems of data sharing, persistence, and failure
recovery

Conventional database management systems (DBMSs)
provide transactions as the atomic units of work An activ-
1ty that runs as an atomic transaction is guaranteed to sat-
18fy the concurrency atomiaity, failure atomicity, and per-
manence properties However, executing a long-running
activity as a single transaction 1s not strictly necessary
1n most cases, and can significantly delay the execution of
short transactions For example, if purchase order process-
ing is run as a single transaction, locks on the inventory
records and the budget records may be held for a long
time, severely himiting database concurrency When these
steps 1nvolve several distributed servers, commit process-
ing 1s also expensive, and the transaction can run only
when all servers are available simultaneously

One approach to handling a long-running activity,
therefore, 1s to have each step run as a transaction, thus,
the long-runmng activity corresponds to multiple trans-
actions In conventional transaction processing (TP) sys-
tems, the sequence of transactions to be run 1n response
to a user request 1s embedded in application programs,
and the TP system provides primitives for chaining these
transactions (e g [McGe78]) However, there 1s no system
support for handling failures or exceptions across the steps
of the long-runmng activity Also, embedding the control
structure 1n the application programs makes 1t difficult to
dynamically modify the flow of control



Several extended transaction models to support long-
runming activities have been proposed (eg  [GS87],
[KR88]) These models are primarnly based on explicitly
expressed control flow The control flow specifies the se-
quence of steps that must be executed to process a user
request of a certain type FEach step 1s executed as a trans-
action One salient feature of these models 1s the provision
of an automatic compensation capability which offers fail-
ure atomicity for the user request a fixed compensation
transaction 18 defined by the application programmer for
each step of the activity

In this paper we explore more flexible ways for express-
g control flows (1ncluding for expressing compensating
steps) for long running activities We add the use of rules
to organize long-running activities With the introduction
of rules, the system can automatically tngger additional
processing when some event or situation of interest occurs
The triggered processing may occur 1n the same transac-
tion as the triggering transaction or 1n a separate transac-
tion Unhke the previously proposed extended transaction
models, which are based on a fixed control sequence and a
rigid compensation policy, rules are data- or event-driven
This allows for a more modular specification of the control
flow, 1t allows integrity constraints, exception conditions,
etc to be defined separately from the “routine” steps
of the application, and 1t enables the system to be more
easily modified or extended to react to events that were
not anticipated when the application programs were first
developed

Consider the following example database rule !

Event Update Qty_On_Hand(atem)
Condition Qty_On_Hand(1item) < Limit(item)
Action Submit_Order(item)

The person responsible for inventory control may have
wntten this rule, and incorporated 1t into the database
There may be several types of user-submitted updates that
affect the quantity-on-hand of an 1item Writing the rule
once obviates the need for the inventory controller to pin
down all the possible sources of requests that may affect
quantity-on-hand and to ensure that all these requests are
run with a proper control flow specification that includes
the appropriate Check_Quantity_ On_Hand step and the
Submit_Order step If additional applications that also
update quantity-on-hand are added in the future, these
new applications need not be aware of how inventory 1s re-
ordered Therefore, this rule-based approach to expressing
workflows may be preferred in some apphcation scenarios

There have been a few proposals for augmenting a
database with triggers or rules [Eswa76, Ston86, Syba87,
KDM88, Sell89], primanly for defining integrity con-
straints or alerters, or for inferencing over a database
However, these models typically consider only trniggers

!Following the specification in [HLMS88], a rule consists
of a triggering event, a condition to be evaluated, and an
action to be executed if the condition is satisfied This
specification 1s further detailed in the next sections
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caused by database npdates, except for the ETM model
[KDM88], which includes triggers caused by “abstract”
events signalled by external processes Also, they have
primanly focused on tmmediate or deferred modes of exe-
cution of tniggers, in which the triggered actions execute
within the same transaction as the triggering updates

In [Daya88a,b], we have proposed Event-Condition-
Action (ECA) rules as a general formalism for mod-
elling the functionality of an active DBMS Integnty con-
straints, access constraints, policies for handling derived
data, alerters, etc, can all be expressed as ECA rules
The model supports arbitrary events, not just database
updates Also, 1t provides fine control over the execu-
tion of triggered actions relative to the tniggerning trans-
actions the triggered actions may be coupled within the
triggening transaction or decoupled 1n a separate transac-
tion The detailed semantics of ECA rules are described
in [DBM88] In [HLM88], we describe an ezecution model,
based on an extended nested transaction model, to govern
the concurrency and recovery properties of transactions
with tnggered ECA rules An architecture for an active
DBMS that supports this model 18 described 1n [MD89],
and optimization techniques are described in [RCBB89]
A simple prototype implementation of the basic model 1s
described 1n [Chak89)

In this paper, we describe the use of ECA rules and
our execution model for specifying and orgamzing long-
runmng activities In particular, we show the utihity of the
various coupling modes to chain related steps without sac-
nficing concurrency, to enforce integrity constraints, and
to provide flexible failure and exception handling We ex-
tend the execution model of [HLM88] to take into account
priority and sequencing requirements We introduce lan-
guage constructs for specifying rules Finally, weillustrate
the power and flexibility of the model through an example
of a hospital information system We do not claim that
the entire application should be implemented by rules
Rather, the application still consists of procedures and
transactions It 18 the control flow between them that we
express by rules Also, we use rules to check integnty
constraints or exception conditions and to invoke counter-
measures

Section 2 contains a brief review of related work In
section 3, we describe our ECA rule model and its exe-
cution semantics Section 4 gives language constructs for
specifying rules Section 5 gives the example Section 6
summarizes our results and points out future directions

2 Related Work

Numerous workflow models for office (or business) proce-
dures have been described 1n the hiterature [Z1sm78, DZ81,
CC82, Barr82, Zloo82, LR8383, WL86] All these models
mclude some notion of a task (sometimes called a proce-
dure, action, or step) The flow of control between tasks
1s specified typically by augmented Petr: nets or triggers

In the augmented Petr: net models [Z1sm78, DZ81,
LR83], tasks are represented by position nodes of the Petni



net, and flows between tasks by transition nodes (1 e , each
transition node has one or more input position nodes and
one or more output position nodes) Transition nodes may
also have preconditions (predicates over the database) de-
fined for them When a task completes, 1t marks 1ts cor-
responding position node When all position nodes input
to a transition node are marked, and 1its precondition 1s
satisfied, the transition may fire The fining of a transition
causes the tasks on 1ts output positions to execute When
these tasks complete, they mark their position nodes, and
so on

The tngger models [CC82, Zloo82] allow more flexible
workflows triggers are condition-action pairs, where the
conditions depend on time or on database states, and the
actions are tasks When a trigger’s precondition becomes
true, the tasks in 1ts action are executed These tasks may,
by updating the database, cause other triggers’ conditions
to become true, and so on

These workflow models do not precisely describe their
atomiaity, concurrency, and recovery semantics It 18 not
clear whether all fired tasks execute in the same transac-
tion as the finng task, whether each task executes as a
separate transaction, or whether a task may 1tself be com-
posed of several related (chained) transactions Also, 1t 13
not clear what happens when a task aborts do “down-
stream” tasks also abort? The “script” model of TAXIS
[Barr82] generalizes Petrn nets by making each transition a
transaction (rather than an instantaneous event), but this
is rather inflexible We want the actions fired by a tran-
sition sometimes to execute within the finng transaction,
and at other times to execute separately

In [GS87], the notion of saga 18 proposed as a model
for long-running activities The application programmer
specifies that the activity 1s composed of a sequence of
transactions T1,T2, ,T, When T, 1s fimished, 1t 1s com-
mitted and then T.4; 1s invoked If T} fails, then T} 1s
aborted and the system automatically invokes compensat-
ing transactions Cx1, ,Ci,1n that order A compensat-
ing transaction C, logically compensates for the updates
performed by 7. In general, the speafication of the com-
pensating transactions must be provided by the applhca-
tion programmer

The saga model 18 generalized 1n the migrating transac-
tion model [KR88], where concurrent execution of com-
ponent atomic transactions can be specified, thus gen-
eralizing the control flow from a linear sequence to an
acyclic graph In addition, invanants on the database
state that must be maintained to ensure the feasibility
of running compensating transactions, can also be speci-
fied In [Reut89], contracts are proposed as an extension
to the model of migrating transactions The steps of a
contract may be arbitrary sequential programs, not nec-
essarly transactions The manner in which each step 1s
executed and the control flow among the steps are spea-
fied as part of the contract definition

These models provide fixed workflow and a ngid com-
pensation policy Also, because they are not based on
nested transactions, they neither support nesting nor con-
currency within a step
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Several extended transaction models were proposed to
deal with long-running cooperative activities such as eng-
neering design The NT/PV model [KS90] allows a long-
runmng activity to be broken up into a partially ordered
set of subactivities The spht transaction model [PKH88]
allows a user to commit changes to some of the data ob-
Jects that lns transaction updated, while the remainder of
the transaction continues to operate on other objects The
transaction groups model [FZ89)] provides an extended set
of non-restrictive and communication (notification) modes
to faciliatate sharing of data among collaborators These
models provide more sharing than the traditional trans-
action model, but they do not provide dynamic workflow,
nor do they address the 1ssue of compensation

Several systems have proposed or implemented trig-
gers In System R [Eswa76)], Postgres [Ston86] and Sybase
[Syba87], triggered actions typically occur in the same
transaction as the triggering updates They are either
executed immediately (e g, triggers in Sybase and Sys-
tem R), or deferred to the end of the tnggening transac-
tion (e g , assertions in System R) In Postgres, triggered
actions can also occur on demand (1 e, lazy evaluation)
However, these triggering models are not suitable for or-
gamzing long-running multi-transaction activities

In APS5 [Cohe86] and CPLEX [HC88], a class of triggers,
called automation rules, are defined which are executed as
separate transactions after the triggering updates are com-
mitted This automation rule construct was motivated by
the need to organize long-running activities in software
engineering The behavior of the automation rule corre-
sponds to one of the coupling modes offered in the general
model described i1n this paper

3 The Model

In this section, we describe our rule mode], and its exe-
cution semantics The language constructs for speafying
rules and transactions are outlined in the next section

3.1 The ECA Rules

An ECA Rule consists essentially of three parts an event,
a condition, and an actton When the active DBMS de-
tects that an event has occurred (is signalled), 1t evaluates
the condition, if the condition 18 satisfied, 1t ezecutes the
action

Events may be primitive or composite Primitive events
are database operations (e g, update, end_transaction)
that can be detected by components of the DBMS, or
abstract events that are signalled by external processes
(e g time events signalled by a timer process, hardware
fallures signalled by a diagnostics routine) Formal pa-
rameters may be defined for each event, these are bound
to actual values at the tume the event occurs (e g, the
actual tuples inserted, deleted, or modified by a database
operation), and these bindings are reported in the event
signal Composite events are constructed from the prim-
tive events using algebraic operations, which also prescribe



how composite events’ signals are constructed from those
of the constituent primitive events For example, a se-
quence of database updates performed by a transaction
can be defined as a composite event whose signal contains
the net set of tuples inserted or deleted by the sequence
of updates

A condition is a query (closed or open) over the
database, 1t may also refer to values (parameter bindings)
in the event signal The condition 1s satisfied if the query
evaluates to true or returns a non-empty answer

An action 18 a program that may include database op-
erations and/or external operations (e g , invocation of an
application program, notification of a user, waiting for in-
put from a user) The context in which the action executes
includes the database state, the values in the event signal,
and the result computed by the condition The action may
also signal events

Many other rule models (e g , [Forg82], [Ston86]) do not
separate the event and condition parts of rules as we do
The separation 15 useful Events and conditions play dif-
ferent roles events specify when to check if a rule should
fire, conditions specify what to check This separation
makes 1t possible to trigger actions based on application
signals or specific operations, not just on database predi-
cates It supports asymmetric rules, e g , to maintain the
invanant Mike’s salary = Bill’s salary, we can define two
separate rules 1f Mike’s salary 1s updated, then update
Bill’s, but if Bill’s salary 18 updated, abort the transac-
tion This 1s impossible to do without events The sepa-
ration also makes optimization possible check conditions
when specific events occur, not “always” Finally, it en-
ables flexible execution the condition can be evaluated at
a different point in a transaction from the point at which
the event occurs, or even in a different transaction

The separation of condition and action parts enables
flexible execution and facilitates optimization by packag-
ing the pure query part of the rule

3.2 Coupling Modes and Transactions

Most other rule or trigger models do not specify whether
the triggered actions execute in the same transaction as
the triggering transaction or 1n a separate transaction (In
Postgres [Ston86], the choice 18 made by the system ) Our
model gives the rule definer fine control over where the
condition and action of a rule are executed relative to the
tnggering transaction The rule definer specifies a cou-
pling mode between the event and condition, and another
(possibly different) coupling mode between the condition
and action, these determine where transaction boundaries
should occur Three coupling modes are supported m-
mediate, deferred, and decoupled

Suppose that transaction T executes an operation that
signals event E for rule R, which has condition C and ac-
tion A If the E-C coupling mode 1s immedtate, then C 1s
evaluated within T immediately when E 1s detected, pre-
empting the execution of the remaining steps of T If the
mode 18 deferred, then C 1s evaluated within T, but after
the last operation in T and before T commits If the mode
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18 decoupled, then C 1s evaluated 1n a separate transaction
The same options are available for the C-A coupling The
deferred mode 15 especrally useful for checking integrity
constraints The decoupled mode 18 useful for breaking up
a long cascading sequence of triggers into short transac-
tions

When the condition or action is decoupled, the triggered
transaction (call 1t 'T°) can execute concurrently with the
triggering transaction T If semalizability 18 our only cor-
rectness criterion, then T' might be serialized before T
This, however, may violate causality T may see the re-
sults of T’ Also, T may abort after T' committed For ap-
plications where causality 18 important, the model allows
the rule definer to specify that the decoupled transaction
18 causally dependent, 1 e , T’ must be serialized after T,
and T’ can commit only if T commits As we shall see,
decoupled, causally dependent transactions are the basis
for workflow control (chaining related transactions) in a
long-running activity Note that sometimes causally inde-
pendent transactions are desirable For example, suppose
we want to trigger a rule that writes a record 1n the se-
cunty log whenever a user accesses some data object, we
want the secunity log record to be wntten irrespective of
whether the onginal transaction that accessed the object
commuits or aborts In this case, we can speaify the cou-
pling mode to be decoupled, causally independent

3.3 An Extended Nested Transaction
Model

We use an extension of the nested transaction model de-
scribed 1n [Lisk85] and [Moss81] to govern the execution
of rules under the various coupling modes A nested trans-
action 18 a transaction that 1s started from inside an-
other transaction (the parent transaction) In the stan-
dard nested transaction model, nested transactions are
created explicitly by the parent transaction Also, the par-
ent transaction is suspended until the nested transaction
terminates (commits or aborts) We will call such nested
transactions subtransactions, and we will introduce three
additional kinds of nested transactions

We use nested transactions to model rule execution as
follows If the triggering event occurs inside a transac-
tion (the triggering transaction), the system scheduler, or
the transaction manager, creates a nested transaction (the
treggered transaction) of the tnggering transaction to exe-
cute the rule In general, we also allow triggerning events to
be signalled by processes or humans outside transactions,
in this case, a top transaction 1s started to execute the
rule

The triggered transaction T’ does the following first,
1t creates a subtransaction C that evaluates the condition
part of the rule, then, if C commts and the condition
1s satisfied, 1t starts another nested transaction A that
executes the action part of the rule If the E-C coupling
mode 1s immediate, then T’ 1s a subtransaction of the
triggering transaction T (and C 1s a subtransaction of T?)
If the C-A coupling mode 18 also 1immediate, then A 1s also
a subtransaction of T
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Figure 1 A Transaction Tree

To accommodate the deferred and decoupled modes we
extend the nested transactions model to allow three more
types nested transactions

First, we allow the creation of deferred subtransactions
whose execution 18 explicitly delayed until the end of the
user’s top transaction T and before any deferred subtrans-
action 1s executed, a point we shall refer to as the cycle-0
end When T reaches 1ts cycle-0 end, a deferred subtrans-
action is started, and runs as a proper subtransaction of
T If several deferred subtransactions are created before
T reaches 1ts cycle-0 end, then all these subtransactions
are started as concurrent subtransactions in cycle-1 at
cycle-0 end If the processing of subtransactions in cycle-1
causes more deferred transactions to be created, the lat-
ter are started when all subtransactions 1n cycle-1 have
finmished, and are started as concurrent subtransactions of
T 1in Cycle-2 The cycles of execution of T continue until
the last cycle fimishes 1n which no more deferred subtrans-
actions are created Like a regular subtransaction, the
commt of a deferred subtransaction 1s conditional on 1its
triggening transaction commtting through the top Thus,
if the E-C coupling mode 15 deferred, then the tniggered
transaction T’ that executes the rule 1s started as a de-
ferred subtransaction Similarly,1f the C-A couphng mode
18 deferred, then the action A 1s executed in a deferred
subtransaction For example, the place of R1 1n the trans-
action tree 1s shown in Figure 1, where R1 15 a deferred
subtransaction triggered from within subtransaction T'12

Second, we allow top transactions to be started from
another transaction Such a nested top transaction, unhke
a subtransaction, has no special privileges relative to 1its
parent, for example, 1t can’t read an object modified by its
parent Furthermore, the commit of a nested top transac-
tion 18 not relative to 1ts parent but rather independent
Note that we don’t constrain the serialization order of a
nested top transaction relative to 1ts parent A nested top
transaction will be represented by i1ts own tree When the
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E-C coupling mode is decoupled, then the triggered trans-
action is executed as a nested top transaction (similarly
for the C-A coupling mode)

Finally, we allow a causally-dependent-top-transaction,
CDtop {for short, to be spawned from inside another trans-
action This type of “nesting” 1mposes the causality con-
straint Let T be the user’s top transaction and T' be the
causally-dependent transaction created either by T or by
one of 1ts descendants Then 7' 15 serialized after the exe-
cution of T A nested CDtop transaction, unlike a nested
top transaction, is commait — dependent on the commt-
ting of its parent Thus, T' commits only if its parent
is committed through the top Nested CDtop transac-
tions will be represented by their own tree with commut
dependency link depicted by a dotted line Note however,
that aborting a CDtop transaction has no effect on 1ts
parent Figure 1 depicts the execution of T'1 as a nested
causally dependent top transaction of T It 18 important
to note that CDtop transactions whose tnggering trans-
actions have committed must be scheduled for execution
Also, since users are not aware of the tnggered transac-
tions, they cannot be expected to restart them Therefore,
CDtop transactions that are interrupted by a system fail-
ure should be automatically restarted as part of recovery
Algorithms for implementing this extended nested trans-
action model are discussed 1n [Chak89]

Most rule models do not clearly describe what happens
when the execution of a rule fails (i ¢ , terminates abnor-
mally) Our model supports two options erther the ex-
ecution of that rule alone 1s aborted and the tnggering
transaction continues from the point where the rule was
triggered, or the whole transaction in which the rule ex-
ecution occurs 18 aborted Note that in the explicit sub-
transaction model, the failure of a subtransaction results
only in aborting the failed subtransaction The parent of
the aborted transaction is waiting for its child’s termina-
tion at a point at which it could take appropriate mea-
sures In our model, however, rules may be executed as
subtransactions anywhere 1n the program without the par-
ent explicitly starting them or even being aware of their
execution As a result, the normal failure semantics must
be extended to allow a subtransaction to request that the
top transaction and all 1ts descendants (excluding nested
top transactions) be aborted

The nested transaction model 1s appropriate for mod-
elling the execution of a user transaction coupled with the
execution of rules for three reasons First, 1ts structure ac-
commodates nicely the hierarchical relation between the
tnggering transaction and the triggered activities, second,
1t allows a collection of rules to run concurrently within a
transaction, and finally 1t supports the modulanty prop-
erty of rule execution

3.4 Ordering Constraints and Context
Switching
An event may trigger more than one rule In our model,

these rules are executed as concurrent (1immediate, de-
ferred, or top) nested transactions of the triggering trans-



action As concurrently running siblings, their execution
18 senializable This 1s 1n contrast to other rule models
1 which rules are executed sequentially Production rule
systems [Forg82] use conflict resolution to select one rule
out of a set of candidate firable rules 1n each inference
cycle If the condition parts of the other rules are still sat-
isfied at the start of the next inference cycle, then these
remain candidates for firng Postgres {Ston86], on the
other hand, assigns priorities to rules and executes only
the lughest prionty rule that 1s firable, disabling the rest

To control the serialization order of concurrently exe-
cuted rules (1 e , to simulate conflict resolution), our model
supports three mechanisms

First, prionties can be assigned to rules Instead of nu-
merical prionities (which we believe compromise modular-
1ty and are difficult to use), we support priority categornes
or urgencies high, medium, low The system spawns the
trniggered transactions 1n priority order, starting with the
highest priority rule All rules with the same prionty are
spawned concurrently

Second, for deferred subtransactions, we have described
the cyling mechanism This mechanism 1s especially use-
ful for integrnty rules whose action parts may themselves
perform operations (e g , to patch the database state) that
trigger the integrity rules again Cycling ensures that the
first “generation” of actions 1s complete before the next
generation starts, this assumption might make 1t easier
to write the rules The cychng mechamsm interacts with
the priority mechanmism within each cycle, the subtrans-
actions are executed in prionty order 2

Third, for decoupled rules, we support a pipelining
mechanism We say that a decoupled transaction T’ tng-
gered by transaction T satisfies the pipelining property 1f
for all transactions T1 that are serialized before (after) T,
any decoupled transaction Ti’ triggered by Ti1s serialized
before (respectively, after) T’ Thus, suppose a decoupled
rule 1s used to display a moving target’s position on a
screen every time the position 1s updated If many update
transactions occur 1n a short period, several decoupled
display actions may be queued For the display to re-
flect the correct sequence of updates, the display actions
must be pipelined This pipelining property 1s probably
stronger than what 1s required 1n some applications It
can be weakened by associating the pipelining constraint
with rule classes, and pipelining only within a class By
default, each rule forms a pipeline class of 1ts own

To select some rules to fire while preventing others
from finng, we provide context switching mechanisms
The most straightforward context mechanism (provided
1n any rule model) 1s to set “flags” in the database when
one phase of processing (viz , one context) 1s complete
(e g , Imtial_ Diagnosis_Completed = True), the condi-

ZWe could have chosen the opposite semantics allow
transactions from later cycles to join the current concur-
rently executing set if their priority 1s the same as or higher
than that of the current set In the absence of “real-hfe”
examples that favour the latter policy, we chose the one
with sumpler semantics
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tion parts of rules are then augmented to test the flags
However, this makes condition evaluation more expen-
sive An alternative 1s to signal special events (e g ,* Im-
tial_Diagnosis_Completed”), the event parts of rules are
then augmented with these special context events, so that
the rules for the next context are triggered only when the
previous-context event occurs This makes event detection
more expensive A third alternative provided 1n our model
18 to use explicit enable or disable operations, which can
be invoked from action parts of rules or from application
transactions Instead of referring to rules by number or
some other 1dentifier, they can be typed (1 e , organized 1n
classes) and can also have attributes An enable or disable
command can then specify all rules belonging to a class
or all rules that satisfy some predicate on their attribute
values (e g , enable all high prionty integrity rules where
Purpose = “Check_Allergy_Conflicts”)

3.5 Discussion

In the model described above, we can consider the action
tree of a top transaction as a unit of control The action
tree consists of a top transaction, and all its commutted
and on-going nested subtransactions and nested CDtop
transactions (We do not consider the nested causally in-
dependent top transactions spawned by a top transaction
as part of the action tree )

For the purpose of this discussion, we assume that a
program that creates a top transaction 18 given a handle
for the transaction After a top transaction 1s created, the
program may gquery the status of the top transaction by
presenting 1ts handle to the system The program may
also ask the system to cancel the top transaction

The status of a top transaction 1s represented by the
action tree spawned by the top transaction By preserving
the action tree, the system can allow the users to query
and display the status of the different steps of the activity

Cancelling a top transaction 18 more complicated If the
cancel request 1s 1ssued before the top transaction com-
muts, then the required effect can be achieved by aborting
the top transaction that causes the entire action tree to be
aborted However,if the top transaction has already com-
mitted (although parts of the action tree spawned from
nested CDtop transactions may still be 1n progress), then
the system will have to reject the cancel request, because
the committed transactions cannot be aborted To sup-
port cancellation after the top transaction has committed
requires an additional system facility that invokes com-
pensation transactions \

To guarantee the recovery of an active action tree after
system failures, the system must recover the events sig-
nalled by transactions that spawned uncommitted nested
CDtop transactions Therefore a transaction commits
only after i1ts database updates, and the events signaled
by 1t, are stably captured With these signals recovered,
the system can restart the activities of the action tree, and
ensure the completion of the tree’s execution We dis-
tingumish between recoverable and non-recoverable events
All events triggered by database updates are recoverable



Temporal events, on the other hand, may be recoverable or
not Upon recovery, events that are signalled by commt-
ted transactions and for which the necessary action was
taken before the failure, are recovered independently of
whether they are recoverable events or not Events that
are signalled by committed transactions, and whose pro-
cessing had not completed before the failure, are signalled
only if they are recoverable events

4 Language Constructs

Specifying a rule consists of specifying 1ts event, condition,
and action parts, the E-C and C-A coupling modes and
any causality constraints, priority, optional rule class(es),
and any other attnibutes We describe key constructs of a
language for programming with rules A detailed specifi-
cation of such a language 1s beyond the scope of this paper
However, the examples 1n the next section illustrate the
use of some of the constructs

First, the primitive event types of interest and their as-
sociated signal parameters are defined Denote event E
with signal parameters X as E[X] For any type of object
in the database, any legal operation on the object can be
specified as an event Thus, for relations, the primitive
events are retrieve, insert, delete, and modify The signal
parameters for these events are the sets of tuples operated
upon for retrieve, the set Retrieved Tuples, for insert,
the set Inserted. Tuples, for delete, the set Deleted -Tuples,
and for modify, the two sets Deleted_Tuples and In-
serted_Tuples that give the net effect on the relation For
operations on abstract data types, the signal parameters
are the parameters of the operations Since operations
generally are not instantaneous, we can specify whether
the event of interest 1s the beginning of the operation or
the end (the default 18 the end) Thus, 1t 1s possible to trg-
ger rules just when an operation starts or when 1t finishes
(1n some rule languages [Eswa78], this distinction 13 made
by labelling the event BEFORE or AFTER) Transaction
events such as BOT (begin top-level transaction), EOT
(end top-level transaction), Commat, Abort, Prepare, may
also be specified For example, EOT 1is signalled by the
transaction manager whenever execution returns to the
root of the transaction tree and the top transaction itself
has no further operations to execute The signal param-
eters for these events consist of the transaction identifier
Other (abstract) events may be defined together with their
signal parameters, these typically are explicitly signalled
from applications or actions

Composite events may be programmed from the prim-
itive ones The language includes the following construc-
tors (a) disgunction the event (E1 | E2) 15 signalled when
either E1 or E2 18 signalled, (b) sequence the event (El
, E2) 15 signalled when an occurrence of El 1s followed
by an occurrence of E2, and (c) closure the event (E*)
18 signalled when E has occurred a non-zero number of
times For defimiteness, (E*) must be followed a termi.
nation event The signal parameters for the composite
events are derived from those of their constituent events
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For expressing their derivations, 1t 18 convenient to think
of the signal parameters as sets of tuples (relations), then,
the derivations can be expressed in relational algebra For
disjunction and sequence, the signal parameters typically
are the outerunion of the constituent events’ signal pa-
rameters For closure, we want to aggregate the signal pa-
rameters of each occurrence of the constituent event For
example, for (Modify*), we want the net Inserted_Tuples
and net Deleted_Tuples, not just the union of the sets for
each Modify operation

Conditions and actions are programmed in a typi-
cal data manmpulation language, embellished with com-
mands for spawning (sub)transactions (begin_transaction,
end_transaction), spawning top level transactions (be-
gin_CDtop, end_CDtop for causally dependent, and be-
gin_top, end.top for causally independent), signalling
events (signal E[X]), and enabling and disabling rules
(enable rule_ezpression, disable rule_exzpression, where
rule_expression 18 of the form {r in rule_class where
predicate} )  Also, with each of these begin com-
mands, we can associate a priority category (the default 1s
“medium”), and with begin_transaction we can associate
the action to be taken on failure (abort on faslor abort_top
on fail, the default 18 abort on fail)

Since we treat EOT as an event, and have language con-
structs for spawning nested transactions, it is unnecessary
to explicitly specify the coupling modes The immediate
mode 18 expressed by enclosing the condition (and/or ac-
tion) within begin_transaction and end.transaction brack-
ets The deferred mode 18 expressed by including EOT
in the event part of the rule The decoupled mode 1s ex-
pressed by enclosing the condition (and/or action) within
the begin_top, end_top, or begin.CDtop, end_CDtop brack-
ets Furthermore, for programming the rules, we also do
away with the separation between the condition and ac-
tion parts To express that they are decoupled, we can
{as above) use the appropnate begin, end brackets When
the C-A coupling 18 immedaate, 1t 18 unnecessary to start a
new subtransaction for the action part, a smart optimizer
can then consider them together

The structure of a rule then 18

RULE 1dentifier
CLASS

<other attributes>
ON event

DO program

To spawn concurrent subtransactions, we need a par-
allel construct The following program will generate as
many concurrent subtransactions as there are members of

X

parfor x in X
begin_transaction

end_transaction
endparfor



The parfor loop will block until all spawned subtransac-
tions terminate

To spawn concurrent top transactions, we do not need
the parfor construct, because the spawner does not wait
for the spawned top transactions to terminate (In fact,
if they are CDtop, then having the spawner wait would
result 1n a cycle of commt dependencies')

These DML extensions are available not just for rule
programming, but also for programming the applications

5 An Example — Hospital Pa-
tient Information System

This section outlines a patient information system for a
hospital It models a long running activity that starts
when a patient arrives at the hospital, continues through
various stages of examination, diagnosis, and treatment
until the patient 18 discharged from the hospital We omit
many details However, our intent 1s to illustrate the fol-
lowing points

¢ the flexability 1in modelling gained through the use
of the immediate, deferred, and decoupled modes of
the model,

o the use of decoupled top level transactions to break a
long activity into short transactions that are chained
together through causality,

o the use of event signals and shared state informa-
tion (recorded 1n a database) to trigger transactions,
rather than executing the transactions in some fixed,
predefined order (as s done 1n other models of long
activities),

o the use of event- and state-dependent triggers to pro-
vide flexible response to exceptional situations (and
thus dynamically alter the workflow), rather than
some fixed compensation policy

The long-running activity consists of several constituent
sub-activities that may be performed by different organi-
zations

o a patient arrives at the hospital and 1s admitted,
o the patient 1s examined by an attending physician,

o the physician may prescribe a seres of procedures
(Jaboratory tests, radiology, consultation by special-
1sts, surgery, etc ), may prescribe medication, and
may require that the patient be hospitalized, the
physician may specify dates by which these proce-
dures have to be performed,

o the laboratory facilities and personnel requred for
executing the various procedures prescribed by the
physician have to be scheduled,

o the procedures have to be executed within the dead-
lines specified,

o 1f the patient 13 hospitalized, then a room has to be
assigned to him/her, meals have to be planned and
ordered, a daily regimen of medication and therapy
has to be followed, etc
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¢ as the results of the procedures become available, the
physician can look at them, reexamine the patient,
and prescnibe further procedures; this might go on
for some time,

e at any time, the physician may decide that the pa-
tient has recovered and discharge the patient,

e every procedure has to be accurately recorded for
legal and administrative reasons and for purposes of
billing

We assume that all pertinent information about the
activity 1s recorded in a database that 1s shared by all
the organizations involved Treating the entire long activ-
ity as a single, atomic transaction has severe performance
and orgamzational implcations Instead, we model each
sub-activity by one or more transactions that read or up-
date the shared database Clearly, there are ordering and
synchronization constraints among the transactions (e g,
a laboratory test cannot be performed until the labora-
tory equipment and personnel have been scheduled) The
transactions communicate by signalling (raising) events
{e g , by updating the database), which are monitored by
the active DBMS and which may cause nested subtransac-
tions or other top-level transactions to be triggered Also,
many of these transactions are interactive, i e, require
communication with 2 human We assume that there 18
an interface (perhaps mail- and forms-orented) via which
the user is notified of events of interest, and via which
he/she can invoke operations or supply parameters for the
interactive transactions

Note that we do not expect the entire application to
be written as rules Rather, the application still consists
of procedures and transactions (In a technologically ad-
vanced hospital, some of the procedures may themselves
be wntten as rule-base expert systems, however, that is
orthogonal to the functionality we are illustrating here )
It is the control flow between them that we express by
rules Also, rules are used to check integnty constraints
or exception conditions and to invoke countermeasures

Information about a patient (eg, social secunty
number, 1nsurance pohcy, medical history, allergies) 1s
recorded 1n a folder object 1n the database When a pa-
tient enters the hospital, an assistant invokes the Reg-
1ster_Patient procedure, which creates a new admattance
record1n the patient’s folder For a new patient (1 e, one
for whom a folder does not exist), a folder 1s first cre-
ated by eliciting information from the patient (perhaps on
a form) The interaction with the user 1s executed in a
separate, causally dependent tog transaction to allow the
transaction that checks whether this 1s a new patient or
not to commut, this frees up the folder database so that
other patients can be concurrently processed

After the patient 1s admitted, an interactive examine
transaction 1s started, which presumably notifies the at-
tending physician and waits for input from him/her This
transaction also 1s spawned as a decoupled, causally de-
pendent transaction (which may execute on a different
node), so that the admittance activity can now be com-
mitted The causality constraints are necessary because



if the patient decides to “walk out the door” {1e, the
transaction 1n which the Register_Patient procedure exe-
cutes is aborted), the dependent transactions should also
be aborted

The physician examines the patient, makes an 1ntal
diagnosis, and may then insert procedure_request records
and medication records into the patient’s folder, and also
may signal a “hospitalize” event We now want the ac-
tive DBMS to invoke a function that checks if any of the
prescribed procedures or medication “conflicts with” the
patient’s allergies This check essentially evaluates an in-
tegrity constraint and is deferred to the end of the examine
transaction, because individual procedures or medications
might not conflict, but some combination of them might
The constraint 1s expressed in the following rule Note that
the event part of the rule 1s signalled by a composite event
that consists of one or more updates of procedure_request
and medication records, followed by the EOT event We
assume that the signal for this composite event 1s accu-
mulated 1n a prescription object whose type 15 a set of
procedure_request or medication records

Rule 1 (Check conflicting prescraption)
ON {ansert Procedure_Request (S SSNo,
R Admittance_Record, D' Physician,
Procedure, L Lab, Needed_By Date) |
insert Medication (S SSNo, D Physicaian,
R Admattance_Record, M Medicine) }* ,
EOT
[Prescription]
DO
begin_transaction
for F in Folder where S = SSNO(F)
return Conflicts (Allergies(F), Prescription)
endfor
end_transaction
begin_transaction
notify (D, Conflicts),
repeat
get_input (D, op),
case op
‘‘end’’ end_transaction
‘‘Abort’’ abort_top
else execute op,
endrepeat
end_transaction

The physician can decide to abort the transaction (in
which case the entire transaction tree 1s aborted), or to
perform some modifications to the omginal prescription
These updates are executed within the action part of the
rule Atsome point, the physician will end the subtransac-
tion At this point, this execution of the rule 1s complete,
and control returns to the top of the tree At the top, the
integrity constraint rule 1s again triggered 1if there were
additional 1nsertions of procedure.request or medication
records 1nto the patient’s folder

Figure 1 depicts the above activity for an “old” patient
In this figure, T 1s the transaction that executes the Regis-
ter_Patient procedure, and 7’1 1s an examine transaction

When the examination 1s complete and there are no
further conflicts, we assume that the “End_Examination”
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event 18 signalled (we omit the rule for this) Now, if
any laboratory procedures were requested during the ex-
amination, then they must be scheduled The schedul-
ing transactions may themselves be long running activities
that are interactive and are probably executed at differ-
ent nodes from where the physician’s examine transaction
was executed They are, therefore, spun off as cansally de-
pendent, top-level actions that execute concurrently with
one another Also, fimer events have to be set to go off
on the date by which the procedure results are needed,
these events are set by signalling requests to a timer pro-
cess These semantics are captured 1n the following three
rules In Rules 2 and 3, the composite event consists of an
arbitrary number of insert Procedure_Request events fol-
lowed by the End_Examination event; and the signal for
this composite event accumulates the Procedure Request
tecords that were inserted (this set 13 named Requests)

While each procedure must be separately scheduled, we
want only one timer event to be set for each unique date
by which one or more results are needed Hence, in Rule
2, these unique dates are computed by the “projection”
of the set Requests on the attribute Needed_By, which 18
denoted Needed_By (Requests) Also, to allow the ong-
mal examine transaction to commit after it raises the
Timer.Request signal, the condition part of Rule 4 15 eval-
uated 1n a separate transaction

Rule 2 (Request timer events)
ON {insert Procedure_Request (S SSNo,
R Admittance_Record, D Physician,
P Procedure, L. Lab, Needed By Date)l}x ,
End_Examination
[Requests]
Do
parfor N in Needed By (Requests)
begin_transaction
Signal Timer_Request(S,R,D,N)
end_transaction
endparfor

Rule 3 (Trigger scheduling actions)
ON Event as in Rule 2
DO
for Q in Requests
begin_CDtop
Schedule_Procedure (S,R,D,P,L,Needed_by)
end_CDtop
endfor

Rule 4 (Executed by the timer process)

ON Timer_Request (S SSNo, D Physician,
R Admittance_Record, T Date)
DO
begin_CDtop

1f Today = T
then Signal Timer_Event (S,R,D,T)
end_CDtop

The Schedule_Procedure activities may update the
database (e g, they insert Procedure_Scheduled records
that tell the date, personnel, equipment, etc assigned to



the procedure), set timer events, notify lab personnel,
etc

We might want to pipeline the Schedule_Procedure ac-
tivities Suppose the physician requests two procedures
for the same patient in two different examine transactions
These trigger two decoupled Schedule_Procedure transac-
tions, which might go to different servers It maght be
mmportant to ensure that the these triggered transactions
execute 1n the same order as the examine transactions that
spawned them, so that the first procedure requested 1s
also the first scheduled One way of accomplishing this
ordering is by passing context (“check if procedure X has
been scheduled”) In a distributed environment, pipelin-
1ng achieves the same effect with less cost

Whether pipelined or not, the Schedule.Procedure ac-
tivities eventually trigger Execute_Procedure activities
Communication between these activities also happens
through rules, which we omit The Execute_Procedure ac-
tivities update the patient’s folder with Procedure_Result
records As the results are written into the database, rules
are triggered to notify the attending physician

Rule 5 (notification of procedure results)
ON update Procedure_Result (PQ Procedure_Request,
Res Result, Performed_On Date)
DO
begin_CDtop
not1fy (Physician(PQ), Procedure_Result)
end_CDtop

Actually, we might have a second rule that checks if the
results indicate a hife-threatening situation for the patient,
then the physician 1s immediately notified This second
rule wall have to be of a very high prionty, also, the action
part of this rule should disable Rule 5 for this procedure
request, since the physician need not be notified twice
Since we allow Rule 5 to be disabled, we must make sure
that the Execute_Procedure activity enables 1t

Rule 6 (high priority notification of results)
ON Event as for Rule §
DO
begin_CDtop
1f Dangerous(Res)
then
begin_subtransaction (priority high)
not1fy (Physician(PQ), Procedure_Result),
disable Rule 6 for PQ
end_subtransaction
end_CDtop

If the procedure’s results are not available by the date
they were needed, then too, the physicizan must be notafied
by a high prionty rule (which we omut)

Finally, we 1llustrate flexabihity in “undoing” activities
Suppose that, during one of his examine transactions, the
physician signals the “hospitalize” event This triggers
several (decoupled, causally dependent) concurrent activi-
ties (e g , assign and prepare a room, plan, order, and serve
meals, schedule and carry out a daily regimen of medica-
tion and therapy) Subsequently, the physician may want
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to discharge the patient This may be thought of as abort-
ing the hospitalization activity, and may require rolling
back the triggered activities However, some of the activ-
1ties may already have commutted and cannot be rolled
back, instead, they have to be compensated for by other
activities Which compensations to execute may be state-
dependent the room assignment and meal orders, which
are made weekly (say), have to be cancelled for the rest of
the week, medication and therapy may need to continue
(on an out-patient basis), some procedures that had been
requested or scheduled for dates after the discharge date
have to be cancelled, other procedures may still need to
be performed We cannot simply use a fixed compensa-
tion policy (e g, execute predefined compensating activi-
ties 1n the reverse of the sequence in which the “forward”
activities committed) Instead, in our model, the physi-
cian signals the “discharge” event (perhaps during one of
his examination transactions) This event triggers the de-
sired “compensating rules” that evaluate conditions on the
patient’s lustory and status, and trigger the appropmnate
compensating activities (we omit the rules) This rule-
based approach gives the needed flexibility

6 Summary

The problem of rehable control flow management for long-
running activities has not been satisfactonly addressed so
far Traditionally, the control flow 1s embedded in apph-
cation programs Extended transaction models, such as
sagas and migrating transactions, support sharing, persis-
tence, and failure handling for long-running activities, but
provide rigid control flow structures

In this paper, we propose to use triggers for organiz-
g long-running activities Trniggers offer data- or event-
driven specification of control flow, and thus provide a
flexible and modular framework with which the control
structures of these activities can be extended or modified

We propose a model based on event-condition-action
rules, coupling modes, and nested transactions to govern
the execution of long-running activities In particular, we
make heavy use of the extension that allows different steps
of the activity to execute as decoupled, causally dependent
transactions Additional extensions for restricting the pos-
sible serialization orders of concurrent transactions have
been defined These include priorities and pipelining

We 1illustrate the use of the various features of our rule
model for specifying long-running activities in a Hosp-
tal Patient System We show how event-driven spawn-
ing of decoupled transactions essentially allows the long-
running activity to be carried out through a collection of
atomic transactions connected via an acychic graph We
have not focused on automatic compensation, although
our paradigm does not exclude it We have shown how
rules can be used to specify compensation procedures that
are situation-drnven, rather than following a fixed compen-
sation path

More work 18 required to develop a methodology for
constructing long-running activities using our model Ad-



ditional applications must be examined to gain expenence
in this approach and to compare 1t with other proposed
methods Future work should investigate abstractions for
cooperative work, for which transaction semantics may be
too strong
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