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Abstract. Reactive rules are used for programming rule-based, reactive
systems, which have the ability to detect events and respond to them au-
tomatically in a timely manner. Such systems are needed on the Web for
bridging the gap between the existing, passive Web, where data sources
can only be accessed to obtain information, and the dynamic Web, where
data sources are enriched with reactive behavior. This paper presents two
possible approaches to programming rule-based, reactive systems. They
are based on different kinds of reactive rules, namely Event-Condition-
Action rules and production rules. Concrete reactive languages of both
kinds are used to exemplify these programming paradigms. Finally the
similarities and differences between these two paradigms are studied.

1 Introduction

Reactivity on the Web, the ability to detect events and respond to them automat-
ically in a timely manner, is needed for bridging the gap between the existing,
passive Web, where data sources can only be accessed to obtain information,
and the dynamic Web, where data sources are enriched with reactive behavior.
Reactivity is a broad notion that spans Web applications such as e-commerce
platforms that react to user input (e.g., putting an item into the shopping bas-
ket), Web Services that react to notifications or service requests (e.g., SOAP
messages), and distributed Web information systems that react to updates in
other systems elsewhere on the Web (e.g., update propagation among biological
Web databases).

The issue of enriching (relational or object-oriented) database systems with
reactive features has been largely discussed in the literature and software so-
lutions (called active database systems) have been employed for some years by
now. Differences between (generally centralized) active databases and the Web,
where a central clock, a central management are missing and new data formats
(such as XML and RDF) are used, give reasons for developing new approaches.
Moreover, approaches that cope with existing and upcoming Semantic Web tech-
nologies (by gradually evolving together with these technologies) are more likely



to leverage the Semantic Web endeavor. Along this line, of crucial importance
for the Web is the usability of (Semantic) Web technologies that should be ap-
proachable also by users with little programming experience.

The rule-based approach to realizing reactivity on the Web is discussed in
this lecture as an example of an easy to use (Semantic) Web technology. Com-
pared with general purpose programming languages and frameworks, rule-based
programming brings in declarativity, fine-grain modularity, and higher abstrac-
tion. Moreover, modern rule-based frameworks add natural-language-like syntax
and support for the life cycle of rules. All these features make it easier to write,
understand, and maintain rule-based applications, including for non-technical
users.

The Event-Condition-Action (ECA) rules and production rules fall into the
category of reactive rules, which are used for programming rule-based, reactive
systems. In addition to the inherent benefits of rule-based programming men-
tioned above, the interest of reactive rules and rule-based technology for the
Web is underlined by the current activity within W3C working groups on these
subjects.?

Due to the emphasis they put on events, ECA rules have traditionally been
used in reactive systems such as telecommunication network management. As
such, they are well-suited for the reactive, event-based aspect of (distributed)
Web applications. Production rules originate from non-monotonous expert sys-
tems, where they were used to encode the behavior of a system based on domain-
specific knowledge. This makes them relevant to address the stateful, expertise-
based aspect of (higher-end) Web applications.

ECA rules have the structure ON Event IF Condition DO Action and specify
to execute the Action automatically when the Fvent happens, provided the
Condition holds. Production rules are of the form WHEN Condition DO Action
and specify to execute the Action if an update to the (local) data base makes
the Condition true. This shows that the similarities in the structure of these two
kinds of rules come with similarities, but also some differences, in the semantics
of the two rule paradigms.

Since most Web applications have both an event-based and an expertise-
based aspect, and because the two paradigms are semantically close to each
other, Web applications can choose one paradigm or the other, depending on
where they put the emphasis. They can also leverage the advantages of both, by
choosing to implement a part of their logic using ECA rules, and another part
using production rules.

This paper provides an introduction to programming Web systems with reac-
tive rules, by discussing concrete reactive languages of both kinds, thus trying to
reveal differences and similarities between the two paradigms. To illustrate the
two approaches to realizing reactive behavior, the ECA rules language XChange
and the ILOG Rule Language (IRL) have been chosen. XChange is an ongoing

3 The W3C Rule Interchange Format Working Group is chartered to develop a format
for rules that should enable rules to be translated between different rule systems,
http://www.w3.org/2005/rules/wg.html



research project at the University of Munich and part of the work in the Network
of Excellence REWERSE* (Reasoning on the Web with Rules and Semantics),
which is a research project mainly funded by the European Commission. IRL is
a production rule language marketed by ILOG?® as part of their production rules
system ILOG JRules.

2 Reactive Behavior on the Web: Application Examples

The Web has traditionally been perceived as a distributed repository of hy-
permedia documents and data sources with clients (in general browsers) that
retrieve documents and data, and servers that store them. Although reflecting a
widespread use of the Web, this perception is not accurate.

With the emergence of Web applications, Web Services, and Web 2.0, the Web
has become much more dynamic. Such Web nodes (applications, sites, services,
agents, etc.) constantly react to events bringing new information or making exist-
ing information outdated and change the content of data sources. Programming
such reactive behavior entails (1) detecting situations that require a reaction
and (2) responding with an appropriate state-changing action [BEOGb].

We present in this section several application example of such reactive be-
havior on the Web.

2.1 Distributed Information Portal

Many data sources on the Web are evolving in the sense that they change their
content over time in reaction to events bringing new information or making
existing information outdated. Often, such changes must be mirrored in data on
other Web nodes — updates need to be propagated. For Web applications, such
as distributed information portals, where data is distributed over the Web and
part of it is replicated, update propagation is a prerequisite for keeping data
consistent.

As a concrete application example, consider the setting of several distributed
Web sites of a fictitious scientific community of historians called the Eighteenth
Century Studies Society (ECSS). ECSS is subdivided into participating univer-
sities, thematic working groups, and project management. Universities, working
groups, and project management have each their own Web site, which is main-
tained and administered locally. The different Web sites are autonomous, but
cooperate to evolve together and mirror relevant changes from other Web sites.

The ECSS Web sites maintain (XML or RDF) data about members, publica-
tions, meetings, library books, and newsletters. Data is often shared, for example
a member’s personal data is present at his home university, at the management
node, and in the working groups he participates in. Such shared data needs to be
kept consistent among different nodes. This can be realized by communicating

4 http://rewerse.net
® http://ilog.com



changes as events between the different nodes using reactive rules. Events that
occur in this community include changes in the personal data of members, keep-
ing track of the inventory of the community-owned library, or simply announcing
information from email newsletters to interested working groups. These events
require reactions such as updates, deletion, alteration, or propagation of data,
which can also be implemented using reactive rules.

Full member management of the ECSS community, a community-owned and
distributed virtual library (e.g., lending books, monitions, reservations), meeting
organization (e.g., scheduling panel moderators), and newsletter distribution are
desirable features of such a Web-based information portal. And all these can be
elegantly implemented by means of reactive rules.

2.2 E-Shopping Web Site

Shopping cart example This example shows how a simple reactive rule set
calculates the shopping discount of a customer. The business rules describing
the discount allocation policy are listed hereafter:

1. If the total amount of the customer’s shopping is higher than 100, then
perform a discount of 10%.

2. If it is the first shopping of the customer, then perform a discount of 5%.

3. If the client has a gold status and buys more than 5 discounted items, then
perform an additional discount of 2%.

4. Rule 1 and 2 must not be applied for the same customer, the first rule has
the priority against the second. The third rule is applied only if rule 1 or
rule 2 have been applied.

Those policies might be taken into account by a reactive rule service (Web
service, procedural application, etc.). This service receives the customer and his
shopping cart information as input. The discount calculation is then processed
following the previous rules and returns the discount value to the service caller.

Credit analysis example This second example shows how a simple reactive
ruleset defines a loan acceptance service. It determines whether a loan is ac-
cepted, depending on the client’s history and the loan request duration. A client’s
score is calculated according to the following business policy. If the client’s score
is high enough, the loan is accepted and its rate is calculated.

1. If the loan duration is lower than five years then set the loan rate to 4.0%
and add 5 to the score, else set it to 6.0%.

. If the client has filed a bankruptcy, subtract 5 to the score.

. If the client’s salary is between 20000 and 40000, add 10 to the score.

. If the client’s salary is greater than 40000, add 15 to the score.

. If the score is upper than 15, then the loan is accepted.

T W N

Those policies are usually implemented by a rule service (Web service, appli-
cation). This service receives the loan request as input information, applies the
rule on them in order to check the acceptance, and finally returns to the caller
the loan characteristics.



3 Event-Condition-Action Rules

3.1 General Ideas

Many Web-based systems need to have the capability to update data found at
(local or remote) Web resources, to exzchange information about events (such as
executed updates), and to detect and react not only to simple events but also
to situations represented by a temporal combinations of events. The issue of
updating data plays an important role, for example, in e-commerce applications
receiving and processing buying or reservation orders. The issues of notifying,
detecting, and reacting upon events of interest begin to play an increasingly
important role within business strategy on the Web and event-driven applications
are being more widely deployed.

Different approaches can be followed for implementing Web applications hav-
ing the capabilities touched on above. Section 1 has discussed the advantages of a
rule-based approach for realizing reactive applications compared to general pur-
pose programming languages and frameworks. Event-Condition-Action rules are
high-level, elegant means to implement reactive Web applications whose archi-
tecture imply more than one Web components/nodes and their communication
is based on exchanging events.

For communicating events on the Web two strategies are possible: the push
strategy, i.e. a Web node informs (possibly) interested Web nodes about events,
and the pull strategy, i.e. interested Web nodes query periodically (poll) per-
sistent data found at other Web nodes in order to determine changes. Both
strategies are useful. A push strategy has several advantages over a strategy of
periodical polling: it allows faster reaction, avoids unnecessary network traffic,
and saves local resources.

3.2 ECA-Language Design Issues

Rules In the introduction, it has already been mentioned that ECA rules have
the general form ON Event IF Condition DO Action. Before going into depth
on events, conditions, and actions, we examine the notion of an ECA rule as a
whole.

Rule execution semantics The general idea for interpreting a single ECA rule
is to execute the Action automatically when the Fvent happens, provided the
Condition holds. However, things become more complex when we consider not
just a single rule but a set of rules (also called a rule base).

Consider the following example of two (informally specified) rules:

ON item out of stock

DO set item’s status to ¢

‘not available’’

ON item out of stock
IF item is in stock at one of the shop’s suppliers
DO reorder item and set status to ‘‘reordered’’



These two rules are in a conflict when we try to execute both in response
to an out of stock event for an item that is in stock at one of its suppliers. A
language’s rule execution semantics, determine what happens in such a situation.
Possible rule execution semantics include (see also [Pat98, WC96)):

— Selecting one single rule (or rather rule instance) from the so-called con-
flict set, the set of executable rules, for execution. This requires a selection
principle in the language such as numeric priorities which are assigned to
rules, a priority relation between rules, the textual order of rules in their
definition, or the temporal order in which rules have been added to the rule
base. (The last two are also often used as a “tie-breaker” when two rules
have the same priority.) Some languages are simply non-deterministic, i.e.,
select a rule randomly or by an unspecified principle. The principle by which
rules are chosen is often called the conflict resolution strategy.

— Executing all rules (or rule instances) from the conflict set sequentially in
some order, which is determined similar to the selection above. When during
the execution another event is generated by a rule, one can either suspend the
execution of the other rules in the current conflict set to (recursively) execute
any rules triggered by that event or first execute the complete conflict set
and then (iteratively) turn to any rules triggered by any events generated in
the meantime.

— Simply rejecting the execution of any rule (instance), possibly reporting an
exception.

Usually, it is possible to avoid such conflicts by writing the rules differently. In
the above example, the first rule could be modified to include a condition “item
is not in stock at supplier.” Unfortunately, when rule sets grow larger, this can
lead to quite lengthy conjunctions of conditions. If, in the above example, we
also want to consider the case that an item is in stock at a different branch, we
might have to add the negation of this condition to all other rules.

This short discussion has only scratched the surface of execution semantics for
ECA rules. While they have been studied quite extensively in the area of Active
Database Management Systems [Pat98,WC96], i.e., in the context of typically
closed and centralized systems, rule execution semantics have not been explored
very much for the Web as an open and distributed system.

Flow on information in a rule ECA Rules exhibit a flow of information between
their three parts. In the earlier example, the “out of stock” event part has to
provide some identifier for the item. The condition part of the second rule makes
use of this identifier in determining whether there is a supplier for the item,
possibly providing the supplier’s name to the action part.

A common way to provide for such a flow of information in an ECA lan-
guage is to use variables, which are bound and exchanged between the different
parts. This requires that the “sub-languages” in which the different parts are
written share the same notion of a variable binding or at least that there is some
conversion mechanism if different notions are used.



Variants of ECA rules In some cases, especially when reasonably complex deci-
sions are involved, the same piece of knowledge must be distributed over several
rules. We’ve already seen an example of this with the two rules processing out of
stock events. To support a better modeling of such cases, some languages offer ex-
tended forms of ECA rules such as so-called ECAA rules [KEP00]. ECAA rules
have the form ON FEwvent IF Condition DO Action ELSE Alternative-Action,
specifying to execute Alternative-Action when the Fvent happens but the Con-
dition does not hold. The example rules can be thus merged into one:

ON item out of stock

IF item is in stock at one of the shop’s suppliers
DO reorder item and set status to ‘‘reordered’’
ELSE set item’s status to ‘‘not available’’

Note that any ECAA rule can generally be rewritten as two ECA rules, one
with the original condition and one with the negated condition. A further variant
are EC™A™ rules, which specify a number of condition-action pairs; typically only
the first action whose condition holds is executed.

Rule base modifications Some ECA rule-based systems allow to modify the rule
base at run-time without restarting the system. The modifications are adding
rules, by either registering a completely new rule or enabling a previously de-
activated rule, removing rules, by either unregistering or disabling an existing
rule, as well as replacing a rule. Often it is necessary to apply a number of
modifications in an atomic fashion, i.e., all changes come into effect at the same
time.

Events Event drive the execution of ECA rule programs, which makes the
event part an important determinant for expressivity and ease-of-use of an ECA
language or system.

The notion of an event It is hard to give a clear definition of what is an event.
Often, an event is defined as an observable and relevant state change in a sys-
tem; however with this definition, what is observable depends on the boundary
and abstraction level of the system (which is particularly hard to grasp in an
open system such as the Web), and what is relevant depends on the considered
application. For processing purposes, an event is usually given a representation
as an object or a message, and for the purpose of ECA languages this gives a
practical definition of what is an event.
Examples of events one might want to react to include:

— Updates of local or remote data.

— Messages (or notifications) coming from some external source such as a hu-
man user (e.g., by filling out a Web form), another program (e.g., a request
or reply from a Web service), or sensors (e.g., RFIDs).

— System events such as reports of the system status (e.g., CPU load) or of
exceptions and errors (e.g., broken network connections, hardware failures).



— Timer events such as an alarm at a particular date and time or a periodic
alarm (e.g., every day at 7am). A particular form of timer events are dynamic
events (a term coined in [Ron97]), where the time is specified not directly in
the event part of a rule, but given by some entry in a database.

— Composite events, that is a combinations of events occurring over time. In
contrast to so-called atomic or primitive events, which include the previous
examples, composite events are usually not represented by a single object or
message in the stream of events. Rather, they are just a collection of atomic
events that satisfy some pre-defined pattern. The pattern is often called a
composite event query, and accordingly composite events can be seen as
answers to such composite event queries. Composite events will be discussed
in more detail later.

Events, or rather their representations, usually contain information detailing
the circumstances of the event such as:

— Who has generated the event (generator, sender)?

— When has the event happened (occurrence time, sending time) and when
was it detected (detection time, receiving time)? Note that these times are
often not the same due to delays in transmission and often given according
to different clocks that are not (and cannot be) perfectly synchronized.

— Which kind of event has happened (event type, class)? Event types are ul-
timately application-dependent and of varying abstraction levels; examples
could be an insertion of an element into an XML document (quite low-level
in the data layer) or a customer putting an item into the shopping cart
(higher-level in the application layer). Event-driven systems often employ a
type system for events (e.g., a class hierarchy), but the example of XChange
shows that this is not a necessity. (Note though that XChange does not
preclude typing event messages with XML schema or a similar mechanism.)

— What data has been affected by the event (event data)? In the above example
of an insertion, the event could include information about where the insertion
has taken place (document URI, position in the document) and what (XML
fragment) has been inserted. In the example of putting an item into the
shopping cart, the event could include information about that item (product
name, quantity) and the customer (name or another identifier).

— Why has the event happened, i.e., which previous events are responsible for
making the current event happen (causality information)?

The event part of a rule The event part of an ECA rule has a two-fold purpose: it
determines when to react, i.e., specifies a class (or set) of events that trigger the
rule, and extracts data from the event (usually in the form of variable bindings)
that can then be used in the condition and action part. Accordingly, the event
part of a rule is in essence a query against (the stream of) incoming events. In
contrast to answers to traditional database queries, however, answers to event
queries are associated with an occurrence time, mirroring the temporal nature
of events.



Composite events and composite event queries Often, a situation that requires a
reaction cannot be detected from a single atomic event. Such situations are called
composite events (as opposed to single atomic events), and they are especially
important on the Web: in a carefully developed application, atomic events might
suffice as designers have the freedom to choose events according to their goal.
On the Web, however, many different applications are integrated and have to
cooperate. Situations which have not been considered in an application’s design
must then be inferred from several atomic events.

There are at least the following four complementary dimensions that need to
be considered for an event query language:

— Data extraction: As mentioned above, event carry data that is relevant to
whether and how to react. The data must be provided (typically as bindings
for variables) to the condition and action part of an ECA rule.

— Event composition: To support composite events, event queries must support
composition constructs such as the conjunction, disjunction, and negation
of events (or more precisely of event queries).

— Temporal conditions: Time plays an important role in many reactive Web
applications. Event queries must be able to express temporal conditions such
as “events A and B happen within 1 hour and A happens before B.”

— Event accumulation: Event queries must be able to accumulate events of
the same type to aggregate data or detect repetitions. For example, a stock
market application might require notification if “the average over the last 5
reported stock prices raises by 5%,” or a service level agreement might require
a reaction when “3 server outages have been reported within 1 hour.”

The most prevalent style for event query languages uses composition op-
erators such as conjunction and sequence to combine primitive event queries
into composite event queries. We will see an example of this in Section 3.3 on
XChange. This approach is not without problems, though: for the sequence oper-
ator alone, four different interpretations are conceivable as suggested in [ZS01].
We will therefore also look at an alternative approach called XChangeEQ in
Section 3.3.

Conditions The condition part of an ECA rule expresses usually a query to
persistent data sources. As with event queries, condition queries have the two-
fold purpose of determining whether the rule fires (i.e., the action is executed)
and extracting data in the form of variable bindings that is then used in the
reaction. Querying XML, RDF, and other Web data is well-studied and a multi-
tude of query languages have been devised [BBFSO05]. Criteria to be considered
for the Web query language used to express the condition part include:

— What is the query language’s notion of answers (variable bindings, newly
constructed data)?

— How are answers delivered, can they be used to “parameterize” further
queries or the action? Can, for example, a variable bound in an event query



be a parameter in a condition query, i.e., the value delivered by the event
query be accessed and used in the condition query?

— What evaluation methods for queries are possible (backward chaining, for-
ward chaining)?

— Which data models are supported (XML, RDF, OWL)? Is it possible to
access data in different data models within one query?

— How does the query language deal with object identity?

— Which reasoning or deductive capabilities does the query language provide
(views, deductive rules, etc.)?

The choice of a query language has significant influence on the design of a
reactive language and should thus be made carefully. While the primary purpose
of the query language is to query persistent data (in the condition part), event
messages often come in the same formats as persistent data. Accordingly, the
query language is often also be used to query data in atomic events in the event
part of ECA rules.

Actions While the event and condition part of an ECA rule only detect that a
system has (entered) a certain state without affecting it, the action part intends
to modify the current state and yield a new state. Typical actions are:

— Updating persistent data on the Web. For example, the event that a customer
puts an item into her shopping basket requires recomputing the total price.

— Raising new events to communicate with other agents on the Web (Web sites,
Web services, etc.). Usually the new event message is sent as a notification
in an asynchronous manner and execution of the current rule or other rules
proceeds immediately without waiting for an answer. For example, upon a
checkout event, a new event containing a list with the bought items and the
customer’s address is sent to the warehouse to initiate delivery.

— Procedure calls to some host environment or a Web service. In contrast to
raising new events, a procedure call is usually synchronous and the rule has
to wait for the call to complete before execution is continued.

— Modifications to the rule base. This includes the possibility to enable and
disable rules® or to register (add) new rules and unregister (delete) existing
rules. Such modifications of the rule base are not without problems, however,
as self-modifying programs are generally conceived to be hard to analyze and
understand.

Updates Updates modify the contents of Web resources by inserting, deleting, or
replacing data items. Depending on the data format of the Web resources such
data items are XML fragments, RDF triples, or OWL facts.

5 Note, however, that alternatively to a specific enable/disable action, this can also be
modeled by adding a condition on some object (a boolean value or similar), which
signals whether the rule is “enabled” or “disabled,” to rules and modifying this
object through and update



Updates can be specified conveniently in some update language. There is
a strong connection between update languages and query languages, and most
existing update languages are based on a query language. The query language
can be used to locate items or positions in the resource where an update should
be performed as well as to construct new data that will be inserted or used to
replace old data.

Combinations of actions Being able to execute only one primitive action such as
a single update or raising one new event is usually far too limiting. Actions that
have to be taken can be quite complex and require several primitive actions to
be performed. The most common way to put together several primitive actions
into a compound action is to perform them in a sequence. However other ways
to form compound actions such as a specification of alternatives (if one action
can fail) or a conditional execution are useful, too.

Usually we expect a compound action to be executed in a transactional man-
ner, i.e., either the whole compound action takes effect or it has no effect at all.
In a distributed setting such as the Web this requires that all participants in-
volved in a compound action agree on a commit protocol such as the two-phase
commit (2PC; see, e.g., [CDKO01]).

Solutions to realize compound actions based on specifying a compensating
action for each action have not been investigated deeply in the framework of ECA
rules on the Web. Such issues have been investigated for databases, e.g., Sagas
[GMS87] (and a myriad of follow-up work on advanced transaction models),
as well as in Web Services, e.g., with the notion of a “Business Activity” in
WS-Transaction [C*04]. However it should be noted that the primary aim of
these proposals is increasing parallelism for long running transactions. They still
require two-phase commits (in particular at the end of the transaction) to give
transactional guarantees in a distributed setting.

3.3 XChange as an Example of ECA Rules Language

This section presents XChange, a high-level, ECA rules-based language for re-
alizing reactivity on the Web. We first introduce the paradigms upon which the
language XChange relies and then present and exemplify the core constructs of
the language.

Paradigms Clear paradigms that a programming language follows provide a
better language understanding and ease programming. Hence, explicitly stated
paradigms are essential for Web languages, since these languages should be easy
to understand and use also by practitioners with little programming experience.

FEvent vs. Event Query. As discussed in Section 3.2, one can conceive every
kind of changes on the Web as events. For processing them, XChange repre-
sents each event as one XML document. Event queries are queries against the
XML data representing events. Event query specifications differ considerably
from event representations, e.g. event queries may contain variables for event



data items. Most proposals dealing with reactivity do not significantly differen-
tiate between event and event query. Overloading the notion of event precludes
a clear language semantics and thus, makes the implementation of the language
and its usage much more difficult. Event queries in XChange serve a double
purpose: detecting events of interest and temporal combinations of them, and
selecting data items from events’ representation.

Volatile vs. Persistent Data. The development of the XChange language — its
design and its implementation — reflects the view over the Web data that differ-
entiates between wvolatile data (event data communicated on the Web between
XChange programs) and persistent data (data of Web resources such as XML or
HTML documents). Volatile data cannot be updated but persistent data can.
To inform about, correct, complete, or invalidate former volatile data, new mes-
sages containing information about events that have occurred are communicated
between Web nodes.

Pattern-Based Approach. XChange is a pattern-based language: Event queries
describe patterns for events requiring a reaction. Web queries describe patterns
for persistent Web data. Action specifications build also upon pattern specifi-
cations, as we will see later. Patterns are templates that closely resemble the
structure of the data to be queried, constructed, or modified, thus being very
intuitive and also straight forward to visualize [BBBT04].

Strategy for Event Communication. Possible communication strategies (i.e.
pull and push) have been touched on in Section 3.1. The pull strategy is sup-
ported by languages for Web queries (e.g. XQuery [B105] or Xcerpt [SB04]).
XChange uses the push strategy for communicating events.

Processing of Fvents. Event queries are evaluated locally at each Web node.
Each such Web node has its own local event manager for processing incoming
events and evaluating event queries against the incoming event stream (volatile
data). For efficiency reasons, an incremental evaluation is used for detecting
composite events.

Bounded FEvent Lifespan. Event queries are such that no data on any event has
to be kept forever in memory, i.e. the event lifespan should be bounded. Hence,
design enforces that volatile data remains volatile. If for some applications it is
necessary to make part of volatile data persistent, then the applications should
turn events into persistent Web data by explicitly saving events.

Rules An XChange program is located at one Web node and consists of one
or more ECA rules of the form Fvent query — Web query — Action. Events are
communicated between XChange programs by ECA rules that raise and send
them as event messages. Every incoming event (i.e., event message) is queried
using the event query (introduced by keyword ON). If an answer is found and the
Web query (introduced by keyword FROM) has also an answer, then the specified
action (introduced by keyword DO) is executed.

Rule parts communicate through variable substitutions. Substitutions ob-
tained by evaluating the event query can be used in the Web query and the



action part, those obtained by evaluating the Web query can be used in the
action part.

The following example rule shows the structure and the information passing
mechanism of an XChange ECA rule. Concrete examples of event queries, Web
queries, and actions are given in the next sections.

ON <new discounts for books of type T applied by supplier S>
FROM <stock of books of type T low>
DO <send new order of books of type T to S >

The next sections introduce the Web query, event query, and action part of
an XChange ECA rule. We start with the Web queries since XChange event
queries and updates build upon and extend the Web queries.

Web Queries XChange embeds the Web query language Xcerpt [BS02a,Sch04]
for expressing the Web query part of ECA rules and for specifying deductive
rules in XChange programs. Using Xcerpt one can query and reason with tree-
or graph-structured data such as XML or RDF documents. A deductive rule has
the following form in Xcerpt”:

CONSTRUCT construct-term
FROM query-term
END

Such deductive rules allow for constructing views over (possibly heteroge-
neous) Web resources that can be further queried in the Web query part of
XChange ECA rules.

Xcerpt is a pattern-based language: it uses query patterns, called query terms,
for querying Web data and construction patterns, called construct terms, for re-
assembling data selected by queries into new data items. For conciseness, Xcerpt
represents data, query terms, and construct terms in a term-like syntax; the
same approach is also taken in XChange. For example, for representing XML
documents as terms, element names become term labels and child elements are
represented as subterms surrounded by curly braces or square brackets (in case
of ordered child elements).

Both partial (i.e. incomplete) or total (i.e. complete) query patterns can be
specified. A query term t using a partial specification denoted by double brackets
or braces) for its subterms matches with all such terms that (1) contain matching
subterms for all subterms of ¢ and that (2) might contain further subterms
without corresponding subterms in ¢. In contrast, a query term t¢ using a total
specification (denoted by single square brackets [ ] or curly braces { }) does

7 XChange integrates the Web query language Xcerpt — XChange constructs are based
on and extend Xcerpt constructs and the prototypical implementation of XChange
uses a prototypical implementation of Xcerpt. The keyword FROM has been used
instead of IF for introducing the condition part of XChange ECA rules for achieving
language uniformity without changing Xcerpt’s language design and implementation.



not match with terms that contain additional subterms without corresponding
subterms in ¢.

Query terms contain variables for selecting subterms of data items that are
bound to variables. In Xcerpt and XChange, variables are placeholders for data,
very much like logic programming variables are. Variables are preceded by the
keyword var. Variable restrictions can be also specified, by using the construct
-> (read as), which restricts the bindings of the variables to those terms that are
matched by the restriction pattern (given on the right hand side of ->). The fol-
lowing Xcerpt query term queries the list of suppliers at http://suppliers.com to
determine the names and URIs of companies supplying books. This information
is used e.g. when some books are out of stock and need to be reordered.

in { resource {"http://suppliers.com/list.xml", XML},
desc supplier {{
items {{ desc type { "Book" } }},
contact {{
name { var N },
URI { var U }
1}
3
}

Xcerpt query terms may be augmented by additional constructs like sub-
term mnegation (keyword without), optional subterm specification (keyword
optional), and descendant (keyword desc) [SB04]. Query terms are “matched”
with data or construct terms by a non-standard unification method called simu-
lation unification dealing with partial and unordered query specifications. More
detailed discussions on simulation unification can be found in [BS02b,Sch04]. In
the above given example, the variable substitutions N — "Springer" and U +—
"www.springer.de" could be obtained as result of simulation unifying the query
term with the given XML document.

Event Queries Fvent messages denote XChange event representations and
communicate events between (same or different) Web nodes. An XChange event
message is an XML document with a root element labelled event and the five
parameters (represented as child elements as they may contain complex con-
tent): raising-time (i.e. the time of the event manager of the Web node rais-
ing the event), reception-time (i.e. the time at which a node receives the
event), sender (i.e. the URI of the Web node where the event has been raised),
recipient (i.e. the URI of the Web node where the event has been received),
and id (i.e. a unique identifier given at the recipient Web node).

Each XChange-aware Web node monitors such incoming event messages to
check if they match an event query of one of its XChange ECA rules. Differences
between volatile and persistent data make Web query languages not sufficient
as candidates for querying event data: Many situations need for their detection
not just one event to occur, but more than one event to occur. The temporal



order of these (component) events and the specified temporal restrictions on
their occurrence time need also to be taken into account in detecting situations.
Mirroring these practical requirements, XChange offers not only atomic event
queries but also composite event queries.

Atomic Event Queries Atomic event queries detect occurrences of single, atomic
events. They are query patterns for the XML representation of events and may
be accompanied by an absolute time restriction, which are used to restrict the
events that are considered relevant for an event query to those that have occurred
in a specified (finite) time interval. Such a time interval may be given by fixed
start and end time points (keyword in) or just by an end time point (keyword
before), in which case the interval starts with the time point of event query
definition.

The following XChange atomic event query detects announcements of dis-
counts applied by a supplier. The information about the supplier (sender URI)
and the discount for a type of items are to be bound to the variables S, D, and
T, respectively.

xchange:event {{
xchange:sender { var S 7},
discount {{
items {{
type { var T },
discount { var D }
i3
i3
3

Composite Event Queries using Composition Operators The need for detecting
not only atomic events but also composite events has been motivated in Sec-
tion 3.2. XChange offers composite event queries for specifying and detecting
composite events of interest.

A composite event query consists of (1) a connection of (atomic or composite)
event queries with event composition operators and (2) an optional temporal
range limiting the time interval in which events are relevant to the composite
event query. Composition operators are denoted with keywords such as and (both
events have to happen), andthen (the events have to happen in sequence), or
(either event can happen), without (non-occurrence of the event in a given time
frame). Limiting temporal ranges can be specified with keywords such as before
(all events have to happen before a certain time point), in (all events have to
happen in an absolute time interval), within (all events have to happen within
a given length of time). For a more in-depth discussion of XChange composite
event queries see [Eck05,P05,BEP06a).

Composite events (detected using composite event queries) do not have time
stamps, as atomic events do. Instead, a composite event inherits from its compo-
nents a start time (i.e. the reception time of the first received constituent event



that is part of the composite event) and an end time (i.e. the reception time of
the last received constituent event that is part of the composite event). That is,
in XChange composite events have a duration (a length of time).

The following composite event query evaluates successfully if no acknowl-
edgment for the order s-rw2007-0023 is received between the 1st and 15th of
October 2007:

without {
xchange:event {{
acknowledgement {{
order {{ id { "s-rw2007-0023" } }3}
}r
1}
} during [ 2007-10-01T10:00:00 .. 2007-10-15T14:00:00 ]

Composite Event Queries using XChange” Q Querying composite events based
on composition operators (as presented above) has been well-investigated in
active databases systems and works well with small queries. However, queries
involving a larger number of events can sometimes become difficult to express
and to understand.

Consider and example where we want for events a, b, ¢ and d to happen
and have the constraints that a happens before b, a also happens before c,
and ¢ before d. Note that the query cannot be expressed as and{ andthen[a,
b], andthenla, c], andthen[c, d]l}, since this query would allow different
instances of a and ¢ events to be used. A correct way to express the query would
be: andthen[a, and{b, andthen[c, d]}]. If we now only add an additional
constraint that b happens before d, the new query bears only little resemblance to
the old: andthen[a, and{b, ¢}, d].In fact, even though we added a constraint
in our specification, the query has one operator less.

Composition operators mix the event querying dimensions explained in Sec-
tion 3.2 (in the case of andthen event composition and temporal relationships
are mixed). It can be argued that this leads to the exemplified difficulties in
expressing and understanding queries and also to a certain incompleteness in
the expressivity of such event query languages.

An alternative to using composition operators in XChange is investigated
with the high-level event query language XChange®@. In XChange®®?, the four
orthogonal event querying dimensions are treated separately. The above example
can be expressed as: and{event i: a, event j: b, event k: ¢, event 1:
d} where {i before j, i before k, k before 1, j before 1} . (Keep in
mind that a, b, ¢, d are generally multi-line atomic event queries, so that the
increase in length compared to the composition-based approach is insignificant
and outweighed by better readability.)

XChangeEQ also adds support for deductive rules on events, relative tempo-
ral event (e.g., “five days longer than event i, ” written extend[i, 5 days]),
and enforces a clear separation between time specifications that are used as
events (and waited for) or only as restrictions (conditions in the where-part).



The following example rule detects an overdue event when an order that has
been received before October 15 has not been acknowledged within 5 days.

DETECT
overdue { var I }
ON
and {
event i: order {{ id { var I } }},
event j: extend[i, 5 days],
while j: not acknowledgment{{ id{ var I } }}
} where { i before datetime("2007-10-15:14:00") }
END

More detail on XChange® can be found in [BE06a,BE07].

Actions XChange rules support the following primitive actions: exec