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Abstract. In this paper we introduce a vision for Semantic Web services
which combines the growing Web services architecture and the Semantic
Web and we will propose DAML-S as a prototypical example of an on-
tology for describing Semantic Web services. Furthermore, we show that
DAML-S is not just an abstract description, but it can be efficiently
implemented to support capability matching and to manage interaction
between Web services. Specifically, we will describe the implementation
of the DAML-S/UDDI Matchmaker that expands on UDDI by providing
semantic capability matching, and we will present the DAML-S Virtual
Machine that uses the DAML-S Process Model to manage the interac-
tion with Web service. We will also show that the use of DAML-S does
not produce a performance penalty during the normal operation of Web
services.

1 Introduction

The numerous Web services in existence constitute a distributed computation
framework in which information and services are provided on demand in a
machine-processable manner!. Yet, given any arbitrary problem, it is unlikely
that it will solvable by one of the available Web services; rather, the solution
of the problem will probably require an agent? to integrate results provided
by several services. The composition of Web services and the integration of the
information provided by Web services is the holy grail of the Web services infras-
tructure. Emerging standards such as BPEL4AWS and WSCI provide languages
to specify how Web services work together to address a problem or information
need. Similarly, from the realm of the Semantic Web, DAML-S specifies an on-
tology for the description of what a Web service does and how to interact with it,

! Our view of Web services is based on the definition given in [8]. A Web service is a
software system identified by a URI whose public interface and bindings are defined
and described by XML. Its definition can be discovered by other software systems.
These systems may then interact with the Web service in a manner prescribed by
Internet protocols.

2 Throughout the paper, we refer to ’agent’ as any software entity, possibly with
problem-solving capabilities, including intelligent autonomous agents [15].
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which in turn provides the basis for Web service composition. This constitutes
the main thrust of our paper.

The problem of composing Web services can be reduced to three fundamental
problems: the first one is to make a plan that describes how Web services interact
and how the functionality they offer can be integrated to provide a solution of
the problem. The second problem is the discovery of the Web services that
perform the tasks required in the plan. The third problem is the management
of the interaction with those Web services. Crucially, planning, discovery and
interaction are strictly interconnected: a plan specifies the type of Web services
to discover, but it also depends on the Web services that are available. Similarly,
the interaction process depends on the specifics of the plan, but the plan itself
depends on the requirements of the interaction.

These three subproblems also dictate a set of challenges that any Web service
infrastructure supporting composition must address. To discover a Web service,
the infrastructure should be able to represent the capabilities provided by a Web
service and it must be able to recognize the similarity between the capabilities
provided and the functionalities requested. The second challenge for Web service
infrastructure is to support the interaction between Web services. In particular,
it should enable the specification of the information a Web service requires and
provides, the interaction protocol it expects and the low-level mechanisms re-
quired to invoke the Web service. While service discovery and invocation are
assumed to be part of the infrastructure, we assume that planning is the respon-
sibility of individual agents and not of the infrastructure3.

The challenges mentioned above highlight the need for semantic as well as
the syntactic interoperability provided by XML. Syntactic interoperability allows
agents and Web services to identify only the structure of the messages exchanged,
but it fails to provide an interpretation of the content of those messages.

The current Web services infrastructure focuses on syntactic interoperability.
Two popular proposed standards are SOAP [34] and WSDL [10], which use XSD
to represent message data structures. UDDI [33] is a repository of useful infor-
mation about Web services, but it does not allow capability-based discovery of
Web services. WSCI [4] and BPEL4WS [11] describe how multiple Web services
could be composed together to provide a more complex Web service. However,
their focus remains on composition at the syntactic level and therefore, does not
allow for automatic composition of Web services.

Semantic interoperability is therefore crucial for Web services. It allows Web
services to (a) represent and reason about the task that a Web service performs
(e.g. book selling, or credit card verification) so as to enable automated Web
service discovery based on the explicit advertisement and description of service
functionality, (b) explicitly express and reason about business relations and rules,
(c) represent and reason about message ordering, (d) understand the meaning
of exchanged messages, (e) represent and reason about preconditions that are

3 Technically, infrastructure components, such as brokers who do composition on be-
half of other agents, can be captured in our vision as a special type of agent.
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required to use the service and effects of having invoked the service, and (f) allow
composition of Web services to achieve a more complex service.

Web services can draw naturally from research in the Semantic Web, which
aims to express the content of Web pages and make it accessible to agents and
other services. The Semantic Web provides a set of languages with well-defined
semantics and a proof theory that allows agents to draw inferences over the
statements in the language. The content of Web pages is expressed by referring
to ontologies, which provide a conceptual model to interpret the content.

The Semantic Web has the potential to provide the Web services infrastruc-
ture with the semantic interoperability it needs. It can provide formal languages
and ontologies to reason about service descriptions, message content, business
rules and relations between these ontologies. In this way, the Semantic Web and
Web services are synergistic: the Semantic Web transforms the Web into a repos-
itory of computer readable data, while Web services provide the tools for the
automatic use of that data.

The vision that we pursue is the realization of Semantic Web services, which
result from the integration of semantic metadata, ontologies, formal tools and
the Web services infrastructure [21]. A Semantic Web service is a Web Service
whose description is in a language that has well-defined semantics. Therefore, it
is unambiguously computer interpretable, and facilitates maximal automation
and dynamism in Web service discovery, selection, composition, negotiation,
invocation, monitoring, management, recovery and compensation. Specifically,
Semantic Web services rely on the Semantic Web to describe (1) the content of
the messages that they exchange, (2) the order of the messages exchanged and
(3) the state transitions that result from such exchanges. The result of using
the Semantic Web is an unambiguous description of the interface of the Web
service which is machine understandable and provides the basis for a seamless
interoperation among different services.

The use of the Semantic Web to describe Web services has wide ranging
consequences. It allows the description of additional properties of Web services,
such as the quality of service and security constraints in a coherent and uniform
way that is universally understood. Furthermore, and most importantly, the
description of the states produced by the execution of the Web service is the
basis for the description of its capabilities as a transformation from its inputs
and preconditions, to its outputs and effects.

The contribution of this paper is to demonstrate how semantic information
enables discovery and autonomous invocation of Semantic Web services. Fur-
thermore, we will show how service discovery and invocation support automatic
composition of Web services. The rest of the paper is organized as follows. In
Section 2 we will discuss the contribution of DAML-S to discovery and invocation
of Semantic Web services. Furthermore, we will discuss different approaches to
Web service discovery and a formal semantics for the DAML-S Process Model. In
Section 3 we will concentrate on how DAML-S can be used for capability based
discovery and we sketch how it can be used to improve on the UDDI registry.
In Section 4 we will introduce the DAML-S Virtual Machine: a general purpose
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processor for the DAML-S Process Model that implements the formal semantics
described in Section 2. In Section 5 we will provide a performance evaluation
for the DAML-S Virtual Machine and we will show that DAML-S can be used
with very little overhead. In Section 6 we describe an application that employ
composition of DAML-S services and finally in Section 7 we conclude.

2 Semantic Web Services

The view adopted by DAML-S is that Web services have a set of capabilities
that they offer to the rest of the community. The capability of some Web services
may be to provide information, as for instance stock quotes, the capability of
other Web services may be to provide services such as travel booking. In their
normal operations, Web services, solve problems through information exchange
or the exchange of services.

Each exchange minimally involves two parties: a requesting Web service that
initiates the exchange and a provider that responds to the invocation. Since
transactions may require more than one information exchange, the requester and
the provider may dynamically switch their roles. For example, the provider may
ask the requester to select among alternative products in which case the provider
is the one that seeks information from the requester. Indeed Web services cannot
be restricted to a client/server relation; they should be able to interact as peers.
Finally, some exchanges may involve more than two parties, for example, when
the requester does not know which provider to invoke, the transaction involves
one or more registries that receive a specification of the capability that the
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requester expects in the provider, and select the provider whose capabilities
match the needs of the requester.

A detailed view of the way DAML-S Web services interact is shown in Fig-
ure 1. The first task of a Web service is to advertise its capabilities with a
registry (link 1), in our case the DAML-S/UDDI Matchmaker. The registration
of capabilities allows the Web service to be discovered and to act as a provider.
When a Web service needs to contact another Web service with a specific set
of capabilities, it compiles the Profile of the ideal Web service it would like to
contact, and submits it as a request to the Matchmaker (link 2). The task of the
Matchmaker is to select the provider which declared a set of capabilities that
most closely match the capabilities expected by the Requester. In our diagram,
the Matchmaker located the Provider as the best match (link 3). Finally, the
Requester knows about the Provider, and it can initiate the interaction (link
4). The interaction is regulated by the specifications in the Process Model and
Grounding which define the interface of the Provider Web service.

In the rest of this section we provide a detailed description of DAML-S, and
we will concentrate on two key problems for DAML-S and Semantic Web services
in general: capability representation and the trade-offs that it entails, and the
assignment of a formal semantics to the Process Model.

2.1 DAML-S

DAML-S Service Profile Service Profiles consist of three types of informa-
tion: the capability of the service, a host of non-functional parameters, and a
description of the person or legal entity that is responsible for the Web service.
The capability of a Web service is represented as a transformation from the in-
puts and the preconditions of the Web service to the set of outputs produced
(in return messages), and any (non-message-producing) side effects that result
for the execution of the service. For example, a for-pay news reporting service
might require as inputs a date and a credit card number; have as a precondition
that the credit card number is a valid one and not overdrawn; have as output
a Web page with news of that day, and have the effect that the specified credit
card is charged. Non-functional attributes specify additional information about
the service, such as the quality guarantees that it provides, or the cost of the
service, or the classification of the service in a taxonomy such as the NAICS [9].

Implicitly, Service Profiles specify the intended purpose of the service, be-
cause they specify only the functionalities that the Web service is willing to
provide publicly. For example, a book-selling service may involve two different
functionalities: browsing to locate a book and selling the books found. The book-
seller has the choice of advertising just the selling service or both the browsing
and the selling functionality. The advertisements will affect its clients. If the
book-seller advertises both browsing and selling, then clients interested only in
browsing may contact the book-seller, while by advertising only the selling ser-
vice, those same clients will not contact it. Ultimately, the decision as to which
service to advertise determines how the service will be used.
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DAML-S Process Model The DAML-S Process Model provides a more de-
tailed view of the Web service than the Profile by showing a (partial) view of
the workflow of the provider. The Process Model allows the requester to decide
whether and how to interact with the provider. The requester may analyze the
Process Model to verify whether the interaction with the provider leads to the
results that were declared in the Profile. Through this analysis the requester de-
tects the exceptions and possible failures that may emerge during the interaction
and plan for contingencies. Finally, the Process Model reveals to the requester
what information the provider requires and provides, and when to perform the
information exchanges. Through the Process Model, the requester extracts the
interaction protocol, and decides how to provide that information by using its
own knowledge base, or by composing the invocation with other Web services.

In general, it is up to the provider to decide the degree of visibility that it
allows of its own Process Model. The provider may decide that its own process is
a “black box” in which case it will collapse all its processing in a single operation
whose inputs the requester should provider and outputs are returned as answer.
At the other extreme the provider may decide to provide a “glass box” view
in which the requester has complete visibility on the workflow of the provider.
In general, the provider should allow enough visibility to derive the interaction
protocol. The result is a “gray box” where the requester has partial visibility on
the process of the provider, but the provider hides some very important details.

The simplest units of description of the Process Model are the atomic pro-
cesses which are equivalent to the basic functions performed by the provider.
Atomic Processes can be composed into more complicated processes through
workflow control structures such as sequence, if-then-else, or split and join. The
Process Model provides a partially specified view of the provider because it al-
lows the provider to hide details of its own workflow behind atomic processes.
Furthermore, the Process Model provides non-deterministic constructs that can
be specified only at execution time.

Atomic Processes also define the atomic units of interaction between the
provider and the requester. The inputs of the atomic processes correspond to
the information that the provider expects from the requester, and the outputs
to the information that the provider sends to the requester. By following the
control structures of the process model, the requester derives the sequences of
information exchanges with the provider, which in turn correspond to the inter-
action protocol of the provider.

The Process Model and the Profile provide two different points of view of
the same Web service. The Profile specifies the capabilities of the Web service
(what the Web service does), while the Process Model provides a declarative
specification of how the Web service achieves its goals, and how its requesters can
interact with it. For example, the Profile says that a Web service, say Amazon’s,
sells books, the Process Model says that in order to buy books the requester
needs to find the book, provide payment information, provide shipping address
and so on before the book is actually delivered.
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The two representations are used at two different times during the composi-
tion process: the Profile is used during discovery, when the requester knows what
it expects from a provider, but it does not know what providers are available
nor what processes do they perform. Upon matching, the requester can use the
Process Model to select the most appropriate provider and to interact with and
derive the provider’s interaction protocol.

DAML-S Grounding The role of the DAML-S Grounding is to separate the
abstract information exchange described by the Process Model from the im-
plementation details, message format and so on. The DAML-S Grounding is
responsible for mapping atomic processes into WSDL operations in such a way
that the execution of one atomic process corresponds to the invocation of an op-
eration on the server side. In addition the Grounding provides a way to translate
the messages exchanged into DAML classes and instances that can be referred
by the Process Model.

2.2 Capability Representation

Capability representation emerges as a key problem for Semantic Web services
because any service requester may be aware of services it needs, without know-
ing precisely whether they are available on the Web or how to locate them.
For example, a Web service that provides financial advice may need the latest
quote of the IBM stock. To this extent, the Web service should transform the
particular problem, i.e. get the quotes of the IBM stock, to a description of the
capabilities it expects from the stock quotes provider, i.e. stock market reporting.
Finally, it should use that capability description to locate the stock reporting
Web service using a registry that can perform capability matching such as the
DAML-S/UDDI Matchmaker.

A number of capability representation schemes have been proposed by the Se-
mantic Web services community. Specifically, we distinguish between two types
of representation schemes: the first one assumes ontologies that provide an ez-
plicit representation of the tasks performed by Web services. In those ontologies,
each task is described by a different concept, while Web services capabilities
are described by enumerating the tasks that they perform. The second repre-
sentation scheme describes Web services by the state transformation and the
information transfer that they produce. In this case, there is no mention of the
task performed by the Web service; the task is implicitly represented by the state
transformation and the Web service’s inputs and outputs.

The two approaches to capability representation provide two ways to use
ontologies. The schemes that make an explicit use of tasks require ontologies
that assign a concept for each task performed by Web services, but since Web
services can perform many different tasks, these ontologies can grow very large
thus becoming unmanageable and may not scale up when new Web services with
new capabilities become available. The implicit representation schemes do not
suffer from those shortcomings since they require only concepts that describe the
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domain of the Web service, and then describe the Web service by the transforma-
tion it produces on its environment. On the other hand, explicit representations
facilitate the matching process since there is no need to infer the task from its
implicit representation. Each capability representation scheme strikes a differ-
ent balance between the two extremes depending on the ontologies that it has
available, and how closely they describe the capabilities of Web services.

Explicit Capability Representations An example of ontology which pro-
vides an explicit description of tasks and processes is the MIT Process Handbook
[19]. Figure 2 shows a fragment of the specialization hierarchy of the ontology of
tasks with the root SELL FINANCIAL SERVICES [19]. Furthermore, it shows that
the concept Sell Loan is a specialization of SELL FINANCIAL SERVICE which in
turn is specialized by SELL CREDIT CARD, Sell Mortgage and other concepts.
In turn, the ontology associates to each process properties such as PORT that
describes the I/O behavior of the process, and DECOMPOSITION that describes
how the process is realized by the composition of other processes described in
the ontology. The MIT Process Handbook can be used to index Web services for
later retrieval [7]. For example, a Web service that sells loans would be associated
with the concept SELL LOAN in the taxonomy in Figure 2.

The advantage of the explicit approach is that it reduces the burden of mod-
eling Web services capabilities, since they can be represented by the list of tasks
that they perform. The disadvantage of this representation, at least in princi-
ple, is that it is impossible to distinguish between Web services that sell loans
whose amount is greater that $50,000 from those that sell loans whose amount
is smaller than $10,000. To represent these constraints on the loan amount that
the two Web services offer would require, at least in principle, the definition of
two sub-classes of Sell Loan to describe the two different cases.

Implicit Capability Representation DAML-S Service Profile, as described
above, adopts the implicit representation of capabilities of Web services. Web
services are represented in terms of the transformation that they produce. Specif-
ically, Web services are represented by the information transformation that they
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produce in terms of inputs required and outputs generated, and by the state
transformation produced in terms of preconditions that need to be satisfied for
an execution and effects generated. In addition it provides a host of features
that help with the specification of non-functional parameters of the Web service
such as quality guarantees. An example of a capability specification for a stock
reporting Web service is given in Figure 3. The input of the Web service is the
ticker symbol, and its output is a quote for that ticker. The precondition is a
valid account to which charge the giving of the information, and the effect is
that the account is charged®.

<profile:input>
<profile:ParameterDescription rdf:ID="Ticker_input">
<profile:restrictedTo rdf:resource="Financial:Ticker"/>
</profile:ParameterDescription>
</profile:input>
<profile:output>
<profile:ParameterDescription rdf:ID="Quote_Output">
<profile:restrictedTo rdf:resource="Financial#Quote"/>
</profile:ParameterDescription>
</profile:output>
<profile:precondition>
<profile:ParameterDescription rdf:ID="valid_membership">
<profile:restrictedTo rdf:resource="Financial#valid(account)"/>
</profile:ParameterDescription>
</profile:effect>
<profile:effect>
<profile:ParameterDescription rdf:ID="charged_account">
<profile:restrictedTo rdf:resource="Financial#charged(account)"/>
</profile:ParameterDescription>
</profile:effect>

Fig. 3. Examples of Input, Output, Precondition and Effect in DAML-S

The advantage of the implicit representations scheme is that any capability
can be represented with no requirement for ontologies that explicitly classify
capabilities. Furthermore, constraints on the capability of the Web service can
easily be expressed. For example, the two sell loans services mentioned above can
be represented by adding a precondition that the loan is smaller than $10,000
or bigger than $50,000. The problem of this representation is that the more
constraints that are expressed about a Web service and its capabilities the more
difficult is to perform a match of capability with the request.

4 At the time of writing, DAML does not support a rule language, therefore, conditions
like VALID(ACCOUNT) or CHARGED(ACCOUNT) cannot be expressed.
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Ultimately, when explicit ontologies are available, their use is bound to pro-
vide a more precise and efficient capability representation and matching. But,
explicit representations can be used effectively only in limited domains, and they
cannot scale up to the whole Web. We believe that implicit representations are
the only way to represent Web services capabilities which has the potential to
generalize to all services on the Web.

Combining Implicit and Explicit Representations The DAML-S Profile is
a DAML class; as such it can be subclass ed and it can become part of a taxonomy
of concepts. Therefore, it is possible to construct a taxonomy of profiles where
each profile corresponds to a type of capability. Such a taxonomy would be
equivalent to the taxonomy of services in the MIT Handbook. Indeed, it would
be possible to construct a taxonomy equivalent to the taxonomy shown in Figure
2 where SELLFINANCIALSERVICES, is a subclass of Profile that specializes in the
representation of a type of financial services. This class could also be sub-classed
into SELLLOAN and so on.

The result is an hybrid representation of capabilities in DAML-S, where
the representation of capabilities on the basis of input, outputs, preconditions
and effects, can be augmented with the use of explicit ontologies of tasks. The
advantage of this representation is that it maintains the expressive power of the
implicit representation while facilitating the capability matching.

2.3 Execution Semantics for Service Composition

DAML-S provides only the specification of Semantic Web services. This spec-
ification must be complemented by (a) an execution model that preserves the
DAML-S semantics, (b) an implemented computational architecture that en-
ables dynamic, run-time semantic service discovery, interaction, interoperation
and composition across the Web.

In this paper we adopt the operational semantics proposed in [1] which pre-
cises the execution behavior of a set of core constructs in the Process Model such
as sequences, if-then-else conditionals and spawning of concurrent processes.
From the semantics of these core constructs, the semantics of composite con-
structs such as loops, can be easily derived. In Section 4 we will describe in
detail the DAML-S Virtual Machine, a computational architecture which imple-
ments these operational semantics.

An alternative semantics for the DAML-S Process Model has been proposed
by Narayanan et al. [24], which describes the semantics of processes and their
inputs, outputs, preconditions and effects as axioms in situation calculus. These
axioms are mapped onto Petri net representations, which then describe the exe-
cution semantics of the DAML-S control constructs. The operational semantics
we adopt uses a single representational model, namely that of functions, and is
better suited for our purposes. The two semantics are equivalent in most respects,
except for a few minor differences noted in [1].

The formal semantics of the DAML-S Core is shown in Tables 1 and 2 where
an inference rule of the form: A/B represents the drawing of the conclusion B
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