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Abstra ct. In this paper we present DAML-S, a DAML+ OIL ontology
for describing the properties and capabilities of Web Savices. Web Ser-
vices{ Web-accesible programs and devices{ are garnering a great deal
of interest from industry, and standards are emerging for low-level de-
scriptions of Web Services DAML -S complements thise o rt by providing
Web Sevice deripti ons at the application layer, describing what a ser-
vice can do, and not just how it does it. In this paper we describe three
aspects of our ontology: the service pro| e, the processmodel, and the
savice grounding. The paper focuseson the grounding, which connects
our ontology wit h low-level XML -based descriptions of Web Savices.

1 Services on the Semantic Web

The Semariic Web [2] is rapidly becoming a reality through the developmert
of Semantic Web markup languages such as DAML+OIL [9]. These markup
languagesenable the creation of arbitr ary domain ontologiesthat support the
unambiguous desaiption of Web content. Web Services [15] { Web-accesshle
programs and devices{ are amongthe mog important resources on the Web,
not only to provide information to a user, but to enable a user to eect change
in the world. Web Services are garnering a great deal of interes from industry,
and standards are being dewveloped for low-level desaiptions of Web Services.
Languagessudc as WSDL (Web Service De<cription Language provide a com-
munication level desription of the messagesand protocols used by a Web Ser-
vice. To complement this e ort, our interest is in developing semantic markup
that will sit at the application level above WSDL, and desaibe what is being
sent acrossthe wires and why, not just how it is being sent.

We are developing a DAML+ OIL ontology for Web Services,called DAML-S
[5], with the objective of making Web Services computer-interpr etable and hence
enaling the following tasks[15]: discovery, i.e. locating Web Services(typically
through a registry service) that provide a particular serviceand that adhereto



sped ed constraints; invocation or activation and execution of an identi ed
savice by an agert or other savice; interoperation , i.e. breaking down inter-
operability barriers through sananti cs, and the automatic insertion of messge
parameter translations between clients and services [10, 13,22]; comp ositi on
of new servicesthrough automatic sdection, composition and interoperation of
existing services[15,14], veri cati on of service properties [19]; and executi on
moni tor ing, i.e. tradking the execution of complex or composte tasks performed
by a serviceor a set of savices, thus identif ying failure cases or providing expla-
nations of di erert execution traces. To make use of a Web Service, a software
agert needsa computer-interpretable description of the sevice, and the meansby
which it is accessel. T his paper desaibesa collaborativee ort by BBN Tedhnolo-
gies CarnegieMellon University, Nokia, Stanford University, SRI International,
and Yale University, to de ne the DAM L-S Web Services ontology. An earlier
version of the DAML-S speci cation is de<ribed in [5]; an updated version of
DAML-S is presrted at http://www.daml.org/se  rvices/daml-s/2001/10/

In this paper we brie y summarize and update this sped cation, and discuss
the important problem of the grounding, i.e. how to translate what is being
sent in a message to or from a service into how it is to be sert. In particular,
we present the linking of DAML-S to the Web Services Desaiption Language
(WSDL). DAM L-S complements WSDL, by providing an abstract or application
level description lacking in WSDL.

2 An Upper Ontology for Services

In DAML+O IL, abstrac categories of ertities, events, etc. are de nedin terms
of classesand properties DAML-S de nesa sd of clasesand properties, sped ¢
to the desaiption of sevices, within DAML+O IL. The classService is at the
top of the DAM L-S ontology. Service properties at this level are very general
The upper ontology for sevices is silent asto what the particular subclasses of
Service shoud be, or even the conceptual basisfor structuring this taxonomy,
but it is expeded that the taxonomy will be structured according to functional
and domain di erences and market needs.For example, one might imagne a
broad subclass B2C-tr ansacti on, which would enconpass servicesfor pur-
chasng items from retail Web sites, tracking purchase stat us, establishing and
maintaining accourts with the sites, and so on.
The ontology of sevices provides two esential types of knowledge about a
savice, characterized by the quedions:
{ What docesthe service require of agens, and provide for them? This is pro-
vided by the prol e, a classthat desribesthe capabilities and parameters
of the savice. We say that the classService presens a ServicePr of il e.
{ How decesit work? The answer to this question is givenin the model, a class
that desgibesthework o w and possble execution paths of the service. Thus,
the class Service is deseibedBy a ServiceM odel

The ServicePr of il e providesinformation about a sevice that can be used
by an agert to determine if the service meds its rough needs, and if it satis es



constraints such as seaurity, locality, a ordabilit y, quality-requiremerts, etc. In
contrast, the ServiceModel enaHles an agent to: (1) perform a more in-depth
analysis of whether the service meds its needs; (2) composeservice desaiptions
from multi ple services to perform a speci ¢ task; (3) coordinate the activit ies of
di erert agents; and (4) monitor the execution of the service. Generally speaking,
the ServicePr of il e providesthe information neededfor an agert to discover a
savice, whereasthe ServiceM odel provides enough information for an agent
to make use of a savice. In the following sections we discuss the servicepro le
and the sevice model in greater detail, and introduce the service grounding,
which desaibeshow agens can communicate with and thus invoke the service.

3 Service Prole

A service pro le provides a high-level desaiption of a service and its provider
[23,24]; it is used to requed or advertise sevices with discovery services and
capalility registries. Service pro les consist of three types of information: a de-
scription of the service and the service provider; the functional behavior of the
savice; and several functional attributes tail ored for automated sevice seledion.

The pro le includesa high-level description about the sevice and it's prove-
nance, which typically would be presnted to use's when browsing a service
registry (seeTable 1). The classActor is also de ned to desaibe ertiti es (e.qg.
humans or organizations) that provide or reques Web Services Two specic
classesare derived from the Actor class; the Service-Requester class and Service-
Provider class, to represert therequeste and provider of the service respecively.
Properties of Actor include physicalAddress , WebURIname phone, email , and fax .
Functional attributes spedfy additional information about the service sudc as
what guarantees of regponsetime or accuracyit provides, the cost of the service,
or the classi cation of the service in someregistry such asthe NAICS [3].

Implicitly, service pro les spedfy the intended purpose of the service, be-
causethey specify only those functional behaviors that are publicly provided. A
book-selling service may involve two di e rent functionalities: it allows clients to
browseits siteto nd books of interest, and it allows them to buy the booksthey
n d. The book-seller has the choice of advertising just the book-buying service
or may also advertise browsing functionality. In the latter casethe service pub-
licizes the fact that agerts may browse without buying a book. In cortrag, by
advertising only the book-selling functi onality, the sevice discourages browsing
by requesting agerts that do not intend to buy.

While service providers de n e advertisemerts for their sevices using the ser-
vice prole, service requestes also use the prole to specify their needs and
expectations For instance, a provider might advertise a service that provides
quotes for a given ticker symbol, whereasa requester may look for a service that
reports current market prices and stock quotes. Services advertise their pro les
with Internet wide discovery services such as Middle Agents [21] and other reg-
istries (e.g. UDDI [25]), which then match service requestsagainst the advertised



Table 1. Descripti on Propertiesand Functional Attributes.

Descriptio n Prop erties

serviceName The name of the service.

intendedPurpose A high-level descripti on of what constitutes (typical) successul
execution of a service.

textDescription A brief, human readable description of the service, summarizing
what the service o ers or what capabilities are being requesed.

role An abstract link to Actors involved in the service execution.

requestedBy A sub-property of role referring to the service requeder.

providedBy A sub-property of role referring to the service provider.

Functio nal Attribut es

geographicRadius Geographic scope of the service, either at the global scale (e.g.
e-commerce) or at a regional scale (e.g. pizza delivery).
degreeOfQuality Quality qualicat ions, such as providing the cheapest or
fastest possible service.

serviceParameter An expandablelist of properties that characterizethe execution
of a service, such as averageResponseTimeor invocationCost
communicationThru |High-level summary of how a service may communicate, e.g.
what communication languageis used (e.g., KQML, SOAP).

serviceType Broad classi cation of the service that might be described by
an ontol ogy of service types, such as B2B, B2C etc.
serviceCategory Categories de ned withi n some service category ontology. Such

categories may include Products, Informati on Services etc.
qualityGuarantees Guaranteesthat the service promisesto deliver, e.g. guarantee-
ing to provide a responsewithin 3 minutes, etc.

qualityRating Industry -based rati ngs, such asthe \Dun and Bradstreet Rat-
ing" for businesses.

pro les, and idertif y which servicesprovide the best match’. Senice requestsare
constructed as partial service pro le desriptions, which can then be matched
to the pro | es of advertised servicesstored in the registries using DAML+ OIL
subsumpgion relations. Advertisements and requeds can di e r sharply, in level
of detail and in the level of abstraction of the terms used. Matchesare generally
recognized whenewr the service advertised is subsumed by (is a particul ar case
of) the sevice desaipti on requestel.

The service representation of DAM L-Sis much richer than the represertation
provided by emeaging standards such as UDDI or WSDL. UDDI's de<ription
of a service does not include any capalility desription, limiti ng itself to the
name, a pointer to the provider of the sevice and a port where to accessthe
savice. In addition, UDDI allows servicesto refer to \T Models" that are usel
to link a service to technical sped cation s or to classi cation schemes There-
fore, it is possble to ask UDDI for all the servicesthat have a WSDL sceme,
but not for all the sevices that provide a requeged functionality. The WSDL

" Despite repeated referenceto UDDI, DAML-S, like research in Mul ti -Agent Systems
(e.g., [6,21,26]), may be used with a variety of di erent registriesand proto cols.



sped cation de nesand formats query interactionswith a sevice, but does not
provide a model for the samantics of such exchanges. DAM L-S service pro les
have similarities wit h service de<ription languagesemeaging in the Multi-Agent
interaction community such as LARKS and OAA [12,24]. Those languages, like
DAML-S, focus on therepresentation of what the sevice doesrather than where
to nd the service. DAML-S improveson those service locating models by taking
advantage of DAM L+OIL ontologiesand its inferential capabilities that greatly
enhancethe possibility for locating relevant sevices.

4 M odeling Servi ces as Pro cesses

Web Services are Web-acessible programs or devices. Their operation is de-
saibed in terms of a process model, which detail s both the cortrol structure
and data ow structure of the service, i.e., the possible steps (typically initi ated
by messagessert by the client) required to exeaite a service. The processmodel
comprises subclassesand properties of the Pr ocessModel class.

The two chief componerts of the proces model are the Process Ontology
which desribesa service in terms of its inputs, outputs, preconditions, ee cts,
and, where appropriate, its componernt subproceses and the Process Control
Ontology which desaibes each process in terms of its state, including initial
activation, execution, and completion. A version of the Process Ontology is re-
leased in the current version of DAM L-S and can be used to support automated
Web Service invocation, composition and interoperation. The Process Contr ol
Ontology, which is useful for automated exeation monitorin g, has not yet been
releaed. We have also de ned an ontology of resources and a simple ontology
of time; they will be desaibed in other publications.

We expect our process ontology to serve as the basis for specifying a wide
array of sevices. In developing the ontology, we drew from a variety of sources,
including work in Al on planning languages [8], work in programming languages
and distributed systems [16,17], emaging standards in process modeling and
work ow technology such asthe NIST's Process Sped cation Language (PSL)
[20] and the Work o w Managemet Coalition e ort®, work on modeling verb
semantics and event structure [18], work in Al on modeling complex actions
[11], work in agert communication languages[7,12] and Multi-Age nt infrastruc-
ture[23],and nally previous work on action-inspired Web Service markup [15].

The primary kind of ertity in the Process Ontology is, unsurprisingly, a pro-
cess The badc Pr ocess class has several associated properties. A process can
have any number of inputs, represerting the information that is, under some
condition s, required for the exeaution of the process It can have any humber of
outputs, theinformation that the processprovides, conditi onally, after its execu-
tion. Beddes inputs and outputs, another important type of parameter speci es
the participants in a process There can also be any number of preconditi ons,
which must all hold in order for the proces to be invoked. Finally, the proces

8 http: //lw ww.aiim.org/w fmc



can have any number of e eds, which arethe side e eds in theworld that result
from exeation of the program. Outputs and e ects can have condition s as-
ciated with them. The range of ead of these properties, at the upper ontology
level, is Thi ng; that is, left totally unrestricted. For most sevice applications,
more speci ¢ range restrictions will be used, together with cardinality restric-
tions. We anticip ate that in many casesthe rangeof properties will be subclasses
of the classof well-formed formulae in a logical languagewhose ontol ogy we can
de nein DAML+OIL.

In DAM L-S, we disti nguish between atomic, simple, and composite proceses

1. Atomic proceses are directly invokable (by exchanging mesages with the
savice), have no subprocesses and executein a single step, from the perspec
tive of the service requeger. (That is, the requester sends a single message,
and receives bac a single message in making use of the sevice.) Atomic pro-
cesesmust provide a grounding that enalles a service requester to constr uct
an invocation message and interpret a reponsemessage

2. Simple proceses on the other hand, are not directly invokable and are not
asciated with a grounding. Like atomic processes, they can be conceived
as having single-step exeations. Simple proceses are used as elements of
abstract proceses;a simple processmay be usel either to provide aview of (a
spedalized way of using) some atomic process or a simpli ed represertation
of some composite process (for purposes of planning and reasoning). In the
former case, the simple processis realizedBy th e atomic process in thelatt er
cas, the simple process expands to the compodte process

3. Composite procesesare decomposabkinto other (non-composite or compos-
ite) proceses Their decompostions are sped ed using control constructs
such as Sequence and If-Then-Else (Table 2). Decomposti ons show,
among other things, the control structure assaiated with a composition
of procesesand the input-output data ow of the composdtion.

A Composite Pr oce ss must have a composalOf property by which the control
structure of the compositeis indicated, usinga Contr olCo nstr uct . Each con-
trol construct, in turn, is associated with an addition al property called compo-
nens to indicate the ordering and conditio nal exeation of the subproceses (or
control constructs) of which it is composed. For instance the corntrol construct,
Sequence, has a componerts property that rangesover a Pr ocessCompo-
nent List (a list whose items arerestricted to be Pr ocessCo mponent s, which
are either processes or cortrol constructs). In the process upper ontology, we
have included a minimal set of corntrol constructs that can be spedalized to
descibe a variety of Web Services

A process can often be viewed at di erert levels of granularity, either asa
primitiv e, undecomposabk proces (the \black box" view) or as a composite
process (the \glass box" view). When a composite processis viewed as a black
box, a simple processcan be usedto represert this. In this cas, the relationship
betweenthe simple and composte is represented using the expand property, and
its inverse the collapse property.



Table 2. ProcessConstructs

Construct Descrip tio n

Sejuernce Execute a list of processes in a sequenti al order

Concurrent Execute elemerts of a bag of processes concurrently

Split Invoke elements of a bag of proceses

Split+Join Invoke elements of a bag of procesesand synchronize
Unordered Execute all procesesin a bag in any order

Choice Choosebetween alternat ives and execute one

If-T hen-Else | If specied condition holds, execute \Then", else execute \E Ise".
Repeat-Until | Iterat e execution of a bag of procesesuntil a condition holds.
Repeat-While | Iterat e execution of a bag of proceseswhile a condition holds

The DAML-S ontology provides a sé of distinguishedclasssand properties
for describing the content and capabhilit ies of Web Services The DAML+ OIL
languagein which it is sped ed has a well-de ned senantics; however the ex-
pressive power of DAML+OIL is not suc ient to restrict DAML-S to all and
only the intended interpretations. Recently, we have developed proposals for
both an model-theoretic and an execution semanti cs for DAM L-S descipti ons.
[19,1]. One approach provides a model-theoretic semantics by describing the in-
tended interpretati on of DAML-S in a more expressve r st-order logic language
[19] To provide an operational semantics, the representati on is then translated
into a distrib uted operational semartics based on High-Level Petri Nets. This
allowed us to determine the complexity of important dedsion procedures (such
as reachability and deadlock) for various subsetsof the DAML-S proces lan-
guage In our other approach [1], we usea functional core languageto de<ribe
DAML-S constructs. A (concurrent) interleaving strict operational semantics for
DAML-S is de ned, which provides a formal bads for the DAML-S execution
model. Together, these proposals allow us to translate DAML-S sped cations
into an executable process model that can be usel for simulation, veri cation ,
and compostion of DAML-S-desaibed services.

5 Groundi ng a Service to a Concrete Reali zation

The grounding of a service sped es the detail s of how to accessthe service {
details having mainly to do with protocol and messageformats, serialization,
transport, and addressing. A grounding can be thought of asa mapping from an
abstract to a concrete sped cation of those seavice deseiption elements that are
required for interacting with the service;for our purposes theinputs and outputs
of atomic proceses. Note that in DAML-S, both the SenicePro | e and the Ser-
viceModel are conceived as abstract represertation s; only the SeniceGrounding
dealswith the concrete level of sped cation .

In DAML-S, the abstract content of a messageis sped ed, implicitly, by
the input or output properties of an atomic proces. Thus, atomic processs,
in addition to specifying the primitive proceses from which larger proceses



are composed, can also be thought of as the communication primitiv es of an
(abstract) processspeci cation.

Concrete messages,however, are sped ed explicitly in a grounding. The cen-
tral function of a DAM L-S grounding is to show how the (abstract) inputs and
outputs of an atomic process are to be realized concretely as messages which
carry those inputs and outputs in some sped ¢ transmittab le format. Industry
is a long way towards adopting a concrete message speci cation . As such, in
crafting our DAML-S grounding mechanism, we use Web Services Decription
Language (WSDL), a particular speci cation language proposal that is repre-
sentative of e orts in this areaand that has strong industry badcing.

WSDL \is an XML format for describing network servicesas a set of end-
points operating on messagescortaining either document-oriented or procedure-
oriented information. The operations and message are described abstractly, and
then bound to a concrete network protocol and messageformat to dene an
endpoint. Related concrete endpoints are combined into abstr act endpoints (ser-
viceg. WSDL is extensible to allow descipti on of endpoints and their mesages
regardess of what messageformats or network protocols are used to communi-
cate" [4].

The DAML-S concept of grounding is generally consigent with WSDL's con-
cept of binding. Indeed, by using the extensibility elements already provided by
WSDL, along with one new extensibility element proposel here, it is an easy
matter to ground a DAML-S atomic process. In this seaion, we shov how this
may be done, relying on the WSDL 1.1 sped cation .

5.1 Relati onships Between DAML -S and WSD L

The approac de<ribed here allows a service developer who is going to provide
savice descriptions for use by potential clientsto take advantageof the comple-
mentary strengths of these two sped cation languages. On the one hand (the
abstract side of a savice speci cation ), the developer bene ts by making use of
DAML-S' process model, and the expressvenessof DAML+OIL's class typing
mechanisms, relative to what XML Scdema provides On the other hand (the
concrete side), the developer bene ts from the opportunity to reusethe exten-
sive work done in WSDL (and related languagessud as SOAP), and software
support for message exchangeshbasal on these declarations, as de ned to date
for various protocols and transport mechanisms.

We emphasize that a DAML-S/W SDL grounding involvesa complementary
use of the two languages, in a way that is in accord with the intentions of the
authors of WSDL. Both languagesare required for the full specication of a
grounding. This is becausethe two languagesdo not cover the same concep-
tual space As indicated by gure 1, the two languagesdo overlap in the area
of providing for the speci cation of what WSDL calls \abstract types', which
in turn are used to characterize the inputs and outputs of services WSDL, by
default, speci es abstr act typesusing XML Schema,whereas DAML-S allows for
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Fig. 1. Mapping between DAML-S and WSDL

thede nition of abstract types as(desaipti on logic-basel) DAML+OIL clas®s’.
However, WSDL/XS D isunable to expressthe semantics of a DAML+OIL class.
Similarly, DAML-S has no means,as currently de ned, to expressthe binding
information that WSDL captures. Thus, it is natural that a DAML-S/WS DL
grounding uses DAML+ OIL classes as the abstract types of messageparts de-
clared in WSDL, and then relies on WSDL binding constructs to specify the
formatting of the message'®.

A DAML-S/W SDL grounding is baseal upon the following thr ee correspon-
dences between DAML-S and WSDL. Figure 1 shows the rst two of these

1. A DAML-S atomic processcorrespondsto a WSDL operation. Di e rent types
of operations are related to DAM L-S proceses as follows:

{ An atomic processwith both inputs and outputs correspondsto a WSDL
request-lesmpnse operation.

{ An atomic process with inputs, but no outputs, corregpondsto a WSDL
one-way operation.

{ An atomic process with outputs, but no inputs, corregpondsto a WSDL
noti ¢ ation operation.

{ A composte process with both outputs and inputs, and with the sending
of outputs sped ed ascoming beforethereception of inputs, corresponds
to WSDL's solicit-r espnse operation??.

9 XML Schema primitives can also be used to dene DAML+O IL properties.

10 The DAML+O IL classs can either be de ned within the WSDL types section, or
de ned in a separate document and referred to from within the WSDL descripti on.
In the remainder of this exposition, we describe only the latter approach.

11 Since a composite process has no grounding, thi s construct would be grounded indi-
rectly by meansof it s relati onship to a simple process(by the collapse property), and
henceto an atomic process (by the realizedBy property), as mentioned in Section
4. We are considering whether to create a new kind of atomic processin DAML -S,
which corresponds directly to the solicit-response operation.



2. The set of inputs and the set of outputs of a DAML-S atomic processeach

correpondsto WSDL's concept of messageMore precisely, DAM L-S inputs
correpond to the parts of an input messge of a WSDL operation, and
DAML-S outputs correspond to the parts of an output messageof a WSDL
operation.
Note that WSDL allows (at most) one input, and (at mos) one output
messageto be asociated with an operation. Thisisin accord with a dedsion
made independertly, in DAML-S, that a grounding must map all inputs to
(at mog) a single message,and similarly for outputs.

3. The types (DAML+ OIL clas®g of the inputs and outputs of a DAML-
S atomic process correspond to WSDL's extensible notion of abstract type
(and, assuch, may be used in WSDL sped cations of message parts).

The job of a DAML-S/WS DL grounding is rst, to de ne, in WSDL, the
messagesand operations by which an atomic process may be accesed, and then,
to specify correspondences (1) and (2). Alth oughit is not logically necessary to
do so,we believeit will be usdul to specify these correspondencesboth in WSDL
and in DAML-S. Thus, asindicated in the following, we allow for constr ucts in
both languagesfor this purpose.

5.2 Grounding DAML-S Services With WSDL and SOAP

BecauseDAML-S is an XML-b ased language, and its atomic process declara-
tions and input/outp ut types already t nicely with WSDL, it is easyto extend
existing WSDL bindings for use with DAML-S, such asthe SOAP binding. In
this subsection, we indicate brie y how an arbitr ary atomic process,sped ed in
DAML-S, can be given a grounding using WSDL and SOAP, with the assump-
tion of HTT P asthe chosentransport mechanism.

Grounding DAML-S with WSDL and SOAP involves the construction of a
WSDL service de<cription wit h all the usual parts (messge operation, port type,
binding, and service constructs), except that the typeselement can normally be
omitted. DAML-S extensiors are intro duced as follows:

1. In ead part of the WSDL messge de nition, the daml-property attr ibute
is usdl to indicate the fully-quali ed name of the DAML-S input or output
property, to which this part of the messagecorresponds. From the property
name, the appropriate DAML range class{ the class of object which this
message part will contain { can easly be obtained.

2. In eadh WSDL operation element, the daml-s-process attr ibute is used to
indicate the name of the DAML-S atomic process, to which the operation
correponds.

3. Within the WSDL binding elemert, the enadingStyle attr ibute is given a
value such as
\h ttp ://www.daml.o rg/2001/03/daml+ oil.daml", to indicate that the mes
sageparts will be serialized in the normal way for class instancesof the given
types, for the speci ed version of DAML.



Having completedthe WSDL servicedescipti on, a W sdIGr ound ing object
is constructed (in the DAML-S speci cation), which refers to specic elements
within the WSDL speci cation , using the following properties:

{ wsdReference: A URI that indicates the version of WSDL in use.

{ otherReferences:. A list of URIs indicating other relevant standards employed
by the WSDL code (e.g., SOAP, HTTP, MIME ).

{ wsdDocuments: A list of the URIs of the WSDL document(s) that give the
grounding.

{ wsdOperation: The URI of the WSDL operation correponding to the given
atomic proces.

{ wsdInputM essage An object containing the URI of the WSDL messagedef-
inition that carriesthe inputs of the given atomic process, and alist of map-
ping pairs, which indicate the correspondencebetween particular DAML-S
input properties and particular WSDL messageparts.

{ wsdOutputMessage Similar to wsdIinputMessagebut for outputs.

6 A Short Walk Thr ough DAML-S

In this n al section, we walk through a small DAML-S example'?. Here we
restrict oursdves to illustrating some aspeds of the process model and how
they relate to the service grounding. Our walk-through utili zes the example
of a ctitiou s book-buying sevice, CongoBuy. This service is actually a col-
lection of smaller Congo programs (e.g., LocateBook, Putln Cart, etc.), ead
Web-accessble and composel together to form the CongoBuy program.

For a complete sped cation of DAML-S, pleaserefer to the DAML-S ref-
erencedocument 3. DAM L-S comprises several ontologiesin the DAML+O IL
(March 2001) markup language. Throughout this example, we will refer to the
pro | e ontology!* and the process ontology'®. Theseontologiesde n e clasesand
properties that form the foundation of a sevice de<ription. To de<ribe a par-
ticul ar service, we spedalize these classes and properties by creating subclasses
and subproperties sped c to the service.

Step 1: Describ e Ind ividual Progr ams The r st step in marking up a
Web Serviceisto desaibe the individual programs that comprisethe sevice. It
is the processmodel that provides a declarative desaipti on of a program's prop-
erties. The processmodel conceives eat program as either an atomic proces,
simple or composite process. A non-demmposable Web-acesible program is
desaibed asan atomic process An atomic processis characterized by it s ability
to be executed by a single (e.g., http) call, that returns a response.

An example of an atomic process is the LocateBook program that takes as
input the name of a book and returns a description of the book and its price, if
the book is in Congo's catalogue. The simplest way to proclaim LocateBook an
atomic proces is using the subClassOf construct as follows.

12° A more detailed example can be found at http: //w ww.daml.org/services
13 http: /iw ww.daml.org/serviceddam |-s/2 001/10/dam I-s.html

14 http: //w ww.daml.org/serviceddam |-s/2 001/10/Pro le. daml

15 http: //w ww.daml.org/servicegdam |-s/2 001/10/Pro cessdaml



<daml:Class rdf:ID="LocateBook">
<rdfs:subClassOf rdf:resource="& process;#AtomicProcess"/>
</daml:Class>

Associated with each processis a sé of properties. Using a program or function
metaphor, a proces has parameers to which it is as®ciated. Two types of
parameters are the DAML-S properties input and (conditional) output, which
are de ned in the process ontology.

An example of an input for LocateBook might be the name of the book. We
proclaim this using the subPropertyOf construct.

<rdf:Property  rdf:ID="bookName">
<rdfs:subPropertyOf  rdf:resource ="&process;#input"/>
<rdfs:domain rdf:resource="#Loca teBook"/>
<rdfs:range rdf:resource="&xsd;# string"/>
</rdf:Property>

Inputs can be mandatory or optional. In contrast, outputs are generally condi-
tional. For example, when you search for a book in the Congo catalogue, the
output may be a detailed desciption of the book, if Congo carries it, or it may
be a "Sorry we don't carry." messge. Such outputs are characterized as condi-
tional outputs. To describe a conditional output, the range of output is a class
called ConditionalOutput , which is a subclassof Thing. ConditionalOutput in
turn hastwo properties: the conditi on coCondition , and the output coOutput.
An uncondition al output has a zero cardinality restriction on its condition. An
example of a conditional output is bookDe<ription, which is an output condi-
tional upon the book being in the Congo catalogue. If the book is not in Congo's
catalogues,then the output is a messageto this eect?,

As above, we can proclaim th e condition al outputs of LocateBook by special-
izing our processontology using subClassOf and subPropertyOf . Rather than
provide the markup here, we illustrat e the relations in Figure 6.

The designation of inputs and outputs enables the programs/services that
we are desaibing in DAML-S to be used for automated Web Service invocation.
In order to enalle the programdservices to be used for automated service com-
posgtion, we must additio nally describe the side-e eds of the programs, if any
exist. To this end, me must desaibe the precondition and (conditi onal) e ect
propertiesof our program. They are de<sribed analogowsly to inputs and outputs.

Step 2: Describe the Grounding for Each Atomi c Pro cess

Here, we relate LocateBook to its grounding, LocateBookGrounding. Since
LocateBook is a class we need to say: \Ev ery instance (i.e., invocation, or
use) of this class has an instance of the hasGrounding property, with value
LocateBookGrounding." The hasGrounding property isde ned in Process.daml .

<daml:Class rdf:about="LocateBook">
<daml:sameClassAs>

16 For many nontrivial applications, the range of the output will be restricted to sub-
classesof logical well-formed formulae.
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Fig. 2. A Conditional Ouput for LocateBook in DAML-S

<daml:Restriction = daml:cardinality= "1">
<daml:onProperty rdf:resource= "#hasGrounding'/>
<daml:hasValue rdf:resource="# LocateBookGrounding"/>
</daml:Restriction>
</daml:sameClassAs>
</daml:Class>

The following is an example of a DAML-S Grounding Instance. The \exam-
ple.com" URIs (...#FindBook , ...#LocateBooklnput , etc.) referto constructs
in the corresponding WSDL document (not shown here).

<grounding:WsdIGrounding rdf:ID="Loc ateBookGrounding">

<grounding:wsdIReference rdfires ource="http://www.w3.0rg/TR/2001/NOTE-wsdl-20010315">

<grounding:otherReferences  rdf:p arseType="daml:collection">
"http://lwww.w3.0rg/TR/2001/NOTE-wsd 1-20010315"
"http://schemas.xmlsoap.org/wsdl/so ap/"
"http://schemas.xmlsoap.org/soap/ht tp/"

</grounding:otherReferences>

<grounding:wsdIDocuments rdf:par seType="daml:collection">
"http://fexample.com/congo/congobuy.  wsdl"

</grounding:wsdIDocuments>

<grounding:wsdIOperation

rdf:resource="http://example.com//lo catebook.wsdl#FindBook"/>
<grounding:wsdllnputMessage
rdf:resource="http://example.com/loc atebook.wsdl#LocateBooklnput'/>

<grounding:wsdllnputMessageParts  rdf:parseType="daml:collection">
<grounding:wsdIMessageMap>
<grounding:damisParameter rdf: resource=#bookName>
<grounding:wsdIMessagePart
rdf:resource="http://example.com//lo catebook.wsdl#BookName">
</grounding:wsdIMessageMap>
other message mapelements ...



</grounding:wsdlinputMessagePart s>
<grounding:wsdIOutputMessage
rdf:resource="http://example.com/I| ocatebook.wsdl#LocateBookOutput'/>
<grounding:wsdlOutputMessagePart s rdf:parseType="daml:collection">
similar to wsdllnputMessagePart s ...
</grounding:wsdlOutputMessagePar ts>
<grounding:WsdIGrounding>

Space precludesinclusion of steps 3, 4, and 5 of our walk-thr ough. Step 3 is to
descibe compostions of the atomic processes. For example, we might describe
the composte process CongoBuyBookwhich is a composition of LocateBook,
PutinCart , etc. Step 4 is an optional step, in which we can desaibe a simple
process for our service. Last, but certainly not least is the pro le de<ription,
which we perform in Step 5. The pro le desaiption provides a dedarative ad-
vertisemert for the sevice. It is partiall y populated by the process model, if one
exists, and thisis why it is the last step of our servicedesaipti on.

7 Conclusion

In this paper we have presented DAML-S, an upper ontology for desegibing Web
Sendces,written in DAML+O IL. Threeageds of DAM L-S were preserted: the
savice pro le, the process model, and the service grounding (with focus on the
last one). Service grounding is critical to the succesful deployment of DAML-S,
sinceit provides the connection between our Semantic Web approac and the
emerging industry standards for Web Service description (e.g. WSDL), demon-
stratin g that DAML-S is complementary to the mainstream industry e orts.
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