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Abstract. The Web of today clearly answers questions of the form “What is the
representation of ...?”. The Semantic Web (SW) of tomorrow aims at answering
questions of the form “What is the meaning of ...?”. It is our stance that in order to
realize the full potential of the original concept proposed by Tim Berners-Lee et
al. (in Scientific American, May 2001), the SW must also answer, in a meaningful
way, questions of a dynamic and active nature, like “What to do if ...?” or “What
to do when ...?”. Moreover, SW questions of the form “What to do ...?” must
be expressed and answered in a declarative, compositional and language agnos-
tic way. It is our (hypo)thesis that formally established concepts, viz. the Web’s
REST architectural style, declarative SW representation of resources based on
Description Logics (e.g., OWL-DL), and Reactive Rules (e.g., “on Event if Con-
dition do Action” –ECA– rules), provide the proper theoretical foundations to
achieve this goal. This paper describes our current research proposal, K4R (pro-
nounced, with an Italian flavor, “Che fare?”), towards achieving a declarative
model for expressing (re)active behavior in and for the SW.

1 Introduction

Back in 2001, at the inception of the Semantic Web (SW), Tim Berners-Lee et al. [16]
stated that the “real power of the Semantic Web will be realized when people create
many programs that collect Web content from diverse sources, process the information
and exchange the results with other programs”. About a year later, James Hendler et
al. [26] identified “the critical emerging application of the discovery and combination
of web services” as a key SW technology. Despite this early recognition of the rele-
vance of active components for the success of the SW, some years later, in 2006, the
recap of the available SW technology [37] does not include a single mention to such
active components. How is “[common] people [expected to] create many programs”
and consequently realize the “real power of the Semantic Web”? This question remains
unanswered and still relevant.

Though not mentioned in [37], much research effort has been dedicated in the last
years towards enabling “the discovery and combination of web services” on a semantic
level, e.g. [38]. The Semantic Web Services (SWS) Community has submitted sev-
eral proposals to the W3C, viz. OWL-S, WSMO, SWSF and WSDL-S. To the present,
the only W3C Recommendation concerning SWS is SAWSDL which contemplates
only the semantic annotation of Web Services (WS). Such annotation makes functional
building blocks (i.e. services) closer to the common user, but in the end current results
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of the SWS approach do not relieve the common user of the burden of actually integrat-
ing those building blocks into tailored functional units of behavior. For this purpose, the
SWS Community suggests automatic service composition though recognizing that “the
Web service environment is highly complex and it is not feasible to generate everything
in an automatic way” [36].

Let’s take a “trivial example”, from [16], which “occurs when Pete [a common user]
answers his phone and the stereo sound is turned down”. The building blocks for this
behavior might be available as specialized services, viz. an event detection service that
detects that Pete has answered his phone, a query service capable of collecting local
devices with a volume control, and an active service that actually turns down the volume
of such devices. Those services may be describable and discoverable on a semantic
level, which makes Pete’s task much easier. But how is Pete to say how he wants to
use those services in order to achieve such a basic behavior? Pete is not a programmer,
otherwise he would program a tiny service for that purpose. Pete does not know how
to computationally achieve the behavior he wants, he only knows what is the desired
behavior: “when a call is answered if there are devices to turn down then turn them
down”. Pete does not see this simple statement as an instance of a business workflow
or as the result of some careful planning process. For Pete this statement is as simple as
the rules he uses in his e-mail application to organize the messages he sends/receives.

Pete’s intuition is correct. His statement has an obvious rewrite into a form of rules
with a known declarative semantics: Event-Condition-Action (ECA) Rules. As such,
Pete shouldn’t need to program anything, all he should do is state the rule(s) of behavior
that he wants his SW agent1 to honor.

Providing the formal foundations that will allow Pete to do just that is the research
challenge that we propose to address with the present research proposal. In the follow-
ing, we start by clearly stating our research goal (Sect. 2), summing up other efforts
related to it (Sect. 3), and proposing a concrete work plan to achieve our goal (Sect. 4).
Section 5 further details how preliminary results lead us to the current proposal, and
Sect. 6 discusses the originality and potential contribution of our proposal. Sect. 7 con-
cludes the paper.

2 Objectives

Reactive Rules (RR) may be partitioned into Reactive Derivation Rules and Active
Rules (cf. [2]). The former account for the definition of complex events/actions in terms
of simpler ones and for establishing causal relationships from actions to events. The lat-
ter establish if and when to perform actions, and may take several forms, viz. Production
Rules (PR) and several variations of ECA Rules. PR have the general form ‘if Condition
then Action’, and are commonly mistaken for Logical Derivation Rules, whose declar-
ative semantics they do not share. The most common form of ECA Rules is ‘on Event if
Condition do Action’ but other forms, like ECAP (which includes a post-condition to

1 The term ‘agent’ is used in this paper in the same general sense as used in [16] or in [38],
i.e. “as any software entity, possibly with problem-solving capabilities, including intelligent
autonomous agents [27]”.
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be verified after the action) and ECnAn (with several guarded actions), have also been
proposed.

The general Research Goal addressed by the present proposal:

– includes the definition of a computational model, based on RR, that will provide
proper formal foundations to allow common people, lacking programming skills,
to declaratively express (re)active behavior in and for the SW;

– excludes the (re)search for proper tools that are mandatory to make such a formal
model actually usable by common people.

This general challenge, previously motivated in Sect. 1, is to be pursued under the fol-
lowing Research Constraints:

1. any expression of behavior in the SW should be transparent at the semantic level;
2. any expression of behavior in the SW should be made available, both at specifica-

tion and evaluation time, in full conformance with the Web’s REST architectural
style [23] as instantiated by the Web’s architecture and its HTTP2 protocol;

3. expressions of behavior not obeying the previous constraints must not be excluded.

These constraints state that our (re)search must be for a computation model that is both
Resourceful and RESTful, but must not withstand backward compatibility with current
expressions of Web behavior (e.g. WS). Before proceeding, it is relevant to emphasize
and clarify the actual implications of such constraints given our research goal:

– SW Reactive Rules should be fully transparent SW Resources with a mandatory
abstract and formal Representation, i.e. the search is not for (yet) another XML
markup for (reactive) rules, instead an OWL ontology is to be delivered;

– SW Reactive Rules should be Web Resources, i.e. they must be URI addressable
(if persistent3) and accommodate distinct concrete Representations;

– full SW transparency must not be mandatory, semantical opacity must be allowed
at all levels but always in a controlled way, e.g. a Reactive Rule component, like an
event specification, must be allowed to be expressed in a SW opaque way —using
some concrete markup or textual syntax— but its nature and interface must always
be fully transparent;

– all the Resources included in our computational model must honor the REST uni-
form interface of the Web, i.e. the functionality of the computational model is to be
instantiated into HTTP methods in full compliance with the HTTP specification;

– any extension to this uniform interface must be taken as a last resort to be avoided;
if absolutely required, such extension, in order to be considered, must be properly
identified, justified and rooted in proper theoretical foundations (e.g. [23,29]).

It is our stance that the previously stated goal is achievable under these constraints,
i.e. HTTP, with a proper SW definition of Resources and the available standard Web
representations, is more than enough to achieve our goal. SWS have their role to play
when it comes down to actually specify, e.g., actions; however, a general model of
Reactive Rules should be achievable without resorting to SWS.

2 HTTP - HyperText Transfer Protocol, http://w3.org/Protocols.
3 Unidentified resources are part of the SW, viz. RDF blank nodes. How to conciliate uniden-

tified resources with the REST notion of (identified) resources is still an open challenge, as
recent W3C notes show (e.g., Cool URIs for the Semantic Web, http://w3.org/TR/cooluris).

http://w3.org/Protocols
http://w3.org/TR/cooluris
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3 Related Work

The need to contemplate reactive behavior in the Web seems to be an undisputable mat-
ter. The clear recognition of such need dates, at least, back to 19984. Throughout the
years it has motivated several proposals on different levels and from different commu-
nities. The REST [23] community is aware of this open matter both on pragmatical5

and theoretical levels (e.g. [29]). The WS community has even issued several standard
proposals, cf. [40,39]. Proper standardization is still an open matter.

ECA Rules were intensively studied in the field of Active Databases (ADBMS), cf.
[35], and are currently used in different fields like Workflow Management (WfMS), e.g.
[30,11], and Multi-Agent Systems (MAS), e.g. [14,28]. In the MAS field [18] there are
also attempts towards defining general models for evolution and reactivity including
declarative approaches like [22,8].

ECA Rules were first proposed in the context of the SW back in 2003 [34], following
previous XML-based proposals [12]. In the following years, between 2004 [33,21] and
2008 [9], considerable effort was dedicated, within WG-I56 of the REWERSE project,
in order to achieve a model for evolution in the SW based on reactivity. This effort
contemplated two distinct approaches: a language homogeneous approach instantiated
into a concrete ECA rule language for the SW, viz. XChange7 [20,19], and a lan-
guage heterogeneous approach based on a general framework for ECA Rules in the
SW [32,31]. The latter led to the development of two prototypes: MARS8 [13,25] and
r3 [41,2]. MARS followed a markup-based approach where, e.g., languages are iden-
tified by XML namespaces, whereas r3 followed an ontology-based approach where,
e.g., languages and language symbols are OWL individuals.

Production Rules have also been proposed, as an alternative to ECA Rules [17], to
model (re)active behavior in and for the Web. Standardization of different forms of
Reactive Rules is currently under consideration by three standard bodies, viz. W3C9,
OMG10 and RuleML11.

4 Work Plan

In order to effectively pursue our research goal, previously stated in Sect. 2, the follow-
ing Research Hyphoteses have been formulated and require confirmation:

1. RR are describable on an abstract/semantic level using currently standardized SW
formalisms, i.e. RR can be true SW Resources;

4 WISEN Workshop on Internet Scale Event Notification, July 13-14, 1998, University of Cali-
fornia, Irvine (UCI), USA, http://www.isr.uci.edu/events/twist/wisen98/.

5 HTTP Subscription, http://rest.blueoxen.net/cgi-bin/wiki.pl?HttpSubscription.
6 REWERSE WG I5 Evolution and Reactivity, http://rewerse.net/I5.
7 XChange: A rule-based language for programming reactive behavior on the Web,
http://rewerse.net/I5/XChange.

8 MARS: Modular Active Rules for the Semantic Web, http://rewerse.net/I5/MARS.
9 RIF Production Rule Dialect (RIF-PRD), http://w3.org/TR/rif-prd.

10 Production Rule Representation (PRR), http://www.omg.org/spec/PRR.
11 Reaction RuleML, http://ibis.in.tum.de/research/ReactionRuleML.

http://www.isr.uci.edu/events/twist/wisen98/
http://rest.blueoxen.net/cgi-bin/wiki.pl?HttpSubscription
http://rewerse.net/I5
http://rewerse.net/I5/XChange
http://rewerse.net/I5/MARS
http://w3.org/TR/rif-prd
http://www.omg.org/spec/PRR
http://ibis.in.tum.de/research/ReactionRuleML
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2. such an abstract model of RR is an open model that embraces language hetero-
geneity, neither mandating nor excluding any specific concrete representation (e.g.
some concrete markup);

3. such an abstract model fulfils the role of abstract syntax for the purpose of defining
the semantics of RR;

4. RR provide a model of behavior for the SW with a declarative semantics;
5. such a declarative semantics is computationally groundable, or at least has a func-

tionally equivalent computational model;
6. such a computational model/grounding is realizable in full conformance with the

Web instantiation of the REST architectural style.

To attain confirmation of the previous hypotheses a Research Work Plan with three
phases is proposed:

1. Feasibility Assessment. Achieve thorough understanding of RR on a computational
level and in the context of the SW; additionally formulate a first proposal for an
abstract description of RR using standardized Web formalisms.

2. Declarative Definition. Formal definition of a declarative semantics for RR based
on an abstract syntax formalized using some form of Description Logic; evaluation
of results with respect to the proposed hypotheses.

3. Operational Implementation. Computational grounding of declarative semantics;
evaluation of results with respect to related work and results of the previous phase.

To realize the previous work plan different Research Methods12 will be used in accor-
dance with the nature of each phase:

– phases 1 and 3 are to be supported by the implementation of prototypes, and proper
definitions based on Web standards (e.g. OWL ontologies and XML markups);

– phase 2 is to be supported by appropriate theoretical formalisms, viz. Model-theoretic
semantics, Fixpoint Semantics, Kripke Structures and Description Logics;

– phase 3 may also require the support of theoretical formalisms for the definition of
operational semantics, e.g. Transition Systems and Abstract State Machines;

– all phases are to be validated before proceeding to the next phase;
– phase 1 validation is to be realized against realistic application scenarios (e.g., [7]),

by integrating different concrete languages (e.g., SPARQL, XQuery, WSDL2), as
required by those scenarios;

– phase 2 shall be validated against existing rule standards (e.g., CL, JSR-94, PRR,
RIF-BLD, RIF-PRD, RuleML) both for abstract syntax and semantics adequacy;
phase 2 validation must identify any deviation from the research hypotheses, and
any unavoidable deviation must be properly justified at this point;

– phase 3 is to be validated both on a pragmatical and theoretical level; on a prag-
matical level, phase 3 prototype is to be validated for its Web RESTfulness and
expressiveness against the scenarios of phase 1, and integration with other reactive
platforms (e.g., EVOLP, MARS, Protune, ruleCore, XChange) is to be attempted;
on a theoretical level, the computational grounding (as implemented by phase 3
prototype) is to be demonstrated to be conformant with the declarative semantics
which resulted from phase 2.

12 Together with [6] and the development infrastructure for the prototypes, the items mentioned
between brackets constitute the most relevant Research Material required.
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5 Current State

The present work started in 2005, when we first joined project REWERSE. At that point
we had a WIDER13 view of the challenge here presented. Such a WIDER view was tar-
geted at the full research goal introduced in Sect. 2. It contemplated no exceptions, in fact
our main focus was to be on tools themselves, not on the formal foundations. Through-
out the duration of the REWERSE project we attained a better understanding of the actual
complexity of our WIDER goal. After careful evaluation of the results of the project we
came to the conclusion that we needed to focus on defining a formal declarative model,
leaving WIDER perspectives open for the future. Most of the results currently available
were obtained within the REWERSE project. Besides the author’s key contribution to-
wards defining the heterogeneous and ontology-based approach of REWERSE WG-I5,
his main contribution to REWERSE was r3 (i.e. Resourceful Reactive Rules).

r3 is a prototype of a SW Rule Engine for ECA Rules which is capable of deal-
ing with rules that use different languages either at the rule component level (event,
condition, action), or within each component (by algebraic composition, based also on
different algebraic languages). Such languages may range from general purpose to do-
main/application specific languages. At the heart of the r3 prototype is the decision to
fully embrace the SW and base its implementation on an RDF model. Every resource
that matters to an r3 engine is to be described using terms defined by a foundational
OWL-DL ontology. Natively r3 “talks” RDF/XML (using HTTP POST for commu-
nication, SOAP wrapped or not), but any other XML serialization of an RDF model
is acceptable, provided an appropriate (bi-directional) translator is available (or imple-
mented). Any request received by an r3 engine is expected to be translated into an RDF
model which is then added to an internal ontology that includes every resource known
to a particular r3 engine. This internal ontology must also be dynamically completed
by means of automatic retrieval of missing pieces of information directly from the SW.
Each r3 engine directly supports a static set of languages. A Java library that abstracts,
e.g., translation and communication details is available to help the integration of dif-
ferent languages as (static) components of an r3 engine, either by implementing them
from scratch or by wrapping existing implementations. More importantly, the set of
languages supported by an r3 engine is dynamically extendable live on the SW. Every
r3 engine is exposed online as an RDF resource. As soon as an r3 engine becomes
aware of another r3 engine, the former fetches the RDF description of the latter which
includes all the languages it supports (directly or indirectly). Consequently the former
becomes a broker that indirectly supports also the languages supported by the latter. r3

is available online (cf. [41]) including the integration of several languages, viz. EVOLP,
HTTP, Protune, Prova, SPARQL, Xcerpt, XChange, XPath, XQuery, XSLT, and some
utilities (e.g. send mail actions).

Since the first draft of our approach [5], all the main r3 results were refereed and
published [32,31,1,2]. A detailed account of those (and other more technical) results is
included in [3] together with a detailed description of the realistic use-cases that were
used to validate r3 (e.g., [24]). The work described in [4], that led to the integration of

13 Web Integrated Development tools for Evolution and Reactivity (WIDER),
http://code.google.com/p/wider3/wiki/WIDER.

http://code.google.com/p/wider3/wiki/WIDER
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Protune, introduces the general –and novel– concept of reactive SW policies and gave
us the opportunity to further complement our validation of r3 heterogeneity after the
end of REWERSE.

Evaluation. Phase 1 of the proposed work plan is completed and validated. Following
the research methods proposed in Sect. 1, all the objectives were accomplished, namely:
a prototype of an ECA engine for the SW is available [41]; an OWL-DL ontology for
RR is available [2]; and both the prototype and the ontology have been validated against
realistic application scenarios (e.g., [24]) realized through the proper integration and use
of several languages [3].

Most notably, and as far as we know, the results included in [2] constitute the only
attempt to formally define and classify RR in an ontology. Nevertheless, the POST-
based API used by r3 does extend this ontology by adding concepts like Message (cf.
[3]), thus introducing an undesirable level of complexity that comes close to a service-
oriented approach; a clear resource-oriented (REST) approach will certainly reduce that
complexity and avoid such r3 specific concepts.

Work on phase 2 has started. The integration of r3 with EVOLP and Protune raised
some unanswered issues like representing explanations and answer-set models; the clas-
sification of RR included in [2] does not exclude (re)active forms of derivation rules
which r3 does not support; these issues when considered together under a clear REST
constraint of a uniform interface (i.e. HTTP); led us to the conclusion that the declara-
tive level envisaged for phase 2 required a more general definition of SW Knowledge
Resources on an ontological level. For this purpose we have already defined the KR2RK
ontology [10]. This ontology is yet to be integrated with [2] and properly validated
against existing rule standards. That is the focus of our current work together with the
definition of a declarative semantics that uses KR2RK as its abstract syntax.

6 Discussion

Reactive Rules provide a declarative and loosely-coupled model of behavior which,
given the proper tools, may empower the common user to define tailored behaviors in
and for the SW. This claim is supported by the success of PR in different fields of exper-
tise, even if they express no declarative model of behavior. It is our stance that there is a
semantical ambiguity in the condition component of PR that hinders their declarative-
ness: it is not clear if a Production Rule expresses an action to be taken when something
is true or when something becomes true. From our point of view, this ambiguity is at
the core of most semantical discrepancies among different PR implementations. The
declarativeness of ECA Rules is much clearer and their current use by common users
in specific fields, like mailbox management, is quite promising.

Since 2000 [15], the great majority of SW research efforts have been concentrated
on querying the SW. Matters like evolution and (re)active behavior, though unani-
mously accepted as relevant in the context of the SW, seem to be forgotten. In this
general state of affairs a few exceptions exist and are worth mentioning: the work of the
SWS community, the work of WG-I5 of project REWERSE, and the efforts of the MAS
community to demonstrate applicability of their results to the SW. Nevertheless when
confronted with pragmatical choices most of these efforts seem to ignore that the SW is
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being built on strong theoretical concepts, namely REST and (logical) Knowledge Rep-
resentation. When it comes down to make things work, foundational research work in
the field of SW Evolution seems to be ruled by service-oriented and markup-based ap-
proaches, when it should be ruled by resource-oriented and ontology-based approaches.
Oddly enough, we have come to a point where most standardization efforts concerning
SWS are ontology-based, whereas all standardization efforts concerning rule languages
for the Web, viz. RIF and RuleML, are mainly concerned with providing syntactical
representations (i.e markups).

An ontology-based approach is particularly relevant if RR are to embrace language
heterogeneity thus allowing, e.g., the use of domain/application specific languages that
express concepts familiar to the user. Nevertheless, concrete representations of RR are
required for this purpose. Among others, such concrete representations may be verbal,
textual, graphical or markup-based; the SW supports all of them provided that even-
tually they are transparent on an abstract/semantical level. Such an abstract/semantical
representation is in fact the only mandatory representation for SW Resources, and it is
our stance that SW Rules are first of all SW Resources describable on logical terms like
any other SW Resources.

Both r3 and MARS demonstrate that such an heterogeneous and ontology-based ap-
proach is feasible. We are not aware of any other effort that comes close to modeling
RR in such a language agnostic way. The most common approach to model RR, in the
context of the SW, is to define a concrete rule language, thus limiting at the syntactical
level the reactive expressiveness provided at the semantical level. A quick look at the
specification of other proposals for (re)active rule languages for the SW, like RIF-PRD
or XChange, is enough to identify a typical part of the syntactical specification where
the supported events and actions are enumerated. In some cases, the provision for ex-
ternal actions and events is included, thus implying the use of some specific protocol.
We are not aware of any proposal that relies on a RESTful approach for this purpose,
i.e. none of the current proposals assumes that there is already a Web protocol (HTTP)
which constitutes the uniform interface of the Web and that in order to use this protocol
all that is required is the definition of resources and representations.

Modeling RR as true SW Resources includes acknowledging that they are also Web
Resources that should honor HTTP has their uniform REST interface. We believe that
no other protocol or interface, e.g. WS, is required to use RR as a general model of
integration for SW behavior.

Contrasting with MARS (and with all other proposals) our proposal clearly makes
two choices: REST and SW Resources. We are not concerned with services or with con-
crete resource representations. The declarative, heterogeneous, ontological and REST-
ful nature of our proposal, to model reactive behavior in and for the SW, make it a
unique proposal in the current SW state-of-the-art.

7 Conclusion

The Web of today clearly answers questions of the form “What is the representation of
...?”. The Semantic Web (SW) of tomorrow aims at answering questions of the form
“What is the meaning of ...?”. It is our stance that, in order to realize the full potential
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of the original SW concept proposed in [16], the SW must also answer, in a meaningful
way, questions of the form “What to do ...?”. Such questions must be expressed and an-
swered in a declarative, compositional and language agnostic way. It is our (hypo)thesis
that formally established concepts, viz. the Web’s REST architectural style, declarative
SW representation of resources based on Description Logics (e.g., OWL-DL), and Re-
active (e.g., ECA) Rules, provide the proper theoretical foundations to achieve this goal.
Based on this hypothesis, in this paper we have presented our research proposal towards
achieving a declarative model for expressing (re)active behavior in and for the SW.

Reactive Rules provide a loosely-coupled model of behavior and a component struc-
ture particularly suited to allow the semantically transparent expression of tailored
behaviors through the composition of behavior fragments expressed using different
languages. Given the proper tools and domain specific languages, that express concepts
familiar to common users, such a model may even empower common users to define
themselves the (rules of) behavior of their own personal (or professional) SW agents
as envisaged in [16]. Since 2005, within REWERSE WG-I5, we have been “maturing”
our language agnostic and ontology-based approach to Evolution and Reactivity in the
SW, and a considerable amount of (preliminary) results has been achieved (cf. Sect. 5).
These results have demonstrated that our approach is feasible.

More recently, after REWERSE, it became clear to us that the service-oriented com-
plexity of these results was not mandatory. In fact, the most recent evolutions of our
work (yet to be validated, cf. also Sect. 5), strongly suggest that by adding REST con-
straints to our approach, and consequently re-using the Web’s uniform interface, we
will be able to drop concepts of a more operational nature (e.g. Message, Service and
Interface). To properly apply a REST approach more meaningful resources are required
and those resources are the concepts that matter the most. For this purpose we have cho-
sen to broaden the scope of our ontology-based approach, and extend it –on a general
level– to other domains of Knowledge Representation (KR). The goal is not to model
the specificities of every KR paradigm, but instead to establish a general foundational
layer for KR supporting a resource-oriented approach, and then focus on the speci-
ficities of the paradigm of rule-based reactivity. The interested reader may find future
evolutions of K4R online at http://k4r.googlecode.com/.
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