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Preface

The global trend towards more flexible and dynamic business process integration
and automation has led to a convergence of interests between service-oriented
computing, semantic technology, and intelligent multiagent systems. In particu-
lar the areas of service-oriented computing and semantic technology offer much
interest to the multiagent system community, including similarities in system ar-
chitectures and provision processes, powerful tools, and the focus on issues such
as quality of service, security, and reliability. Similarly, techniques developed in
the multiagent systems and semantic technology promise to have a strong impact
on the fast-growing service-oriented computing technology.

Service-oriented computing has emerged as an established paradigm for dis-
tributed computing and e-business processing. It utilizes services as fundamen-
tal building blocks to enable the development of agile networks of collaborating
business applications distributed within and across organizational boundaries.
Services are self-contained, platform-independent software components that can
be described, published, discovered, orchestrated, and deployed for the purpose
of developing distributed applications across large heterogeneous networks such
as the Internet.

Multiagent systems are also aimed at the development of distributed ap-
plications, however, from a different but complementary perspective. Service-
oriented paradigms are mainly focused on syntactical and declarative definitions
of software components, their interfaces, communication channels, and capa-
bilities with the aim of creating interoperable and reliable infrastructures. In
contrast, multiagent systems center on the development of reasoning and plan-
ning capabilities of autonomous problem solvers that apply behavioral concepts
such as interaction, collaboration, or negotiation in order to create flexible and
fault-tolerant distributed systems for dynamic and uncertain environments.

Semantic technology offers a semantic foundation for interactions among
agents and services, forming the basis upon which machine-understandable ser-
vice descriptions can be obtained, and as a result, autonomic coordination among
agents is made possible. On the other hand, ontology-related technologies, ontol-
ogy matching, learning, and automatic generation, etc., not only gain in potential
power when used by agents, but also are meaningful only when adopted in real
applications in areas such as service-oriented computing.

This volume consists of the proceedings of the Service-Oriented Computing:
Agents, Semantics, and Engineering (SOCASE 2007) workshop held at the In-
ternational Joint Conferences on Autonomous Agents and Multiagent Systems
(AAMAS 2007). It also includes the four best papers selected from the Service-
Oriented Computing and Agent-Based Engineering (SOCABE 2006) workshop
held at AAMAS 2006. The papers in this volume cover a range of topics at the
intersection of service-oriented computing, semantic technology, and intelligent



VI Preface

multiagent systems, such as: service description and discovery; planning, compo-
sition and negotiation; semantic processes and service agents; and applications.

The workshop organizers would like to thank all members of the Program
Committee for their excellent work, effort, and support in ensuring the high-
quality program and successful outcome of the SOCASE 2007 workshop. We
would also like to thank Springer for their cooperation and help in putting this
volume together.

May 2007 Jingshan Huang
Ryszard Kowalczyk

Zakaria Maamar
David Martin

Ingo Müller
Suzette Stoutenburg

Katia Sycara
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Executing Semantic Web Services with a  

Context-Aware Service Execution Agent 

António Luís Lopes and Luís Miguel Botelho 

We, the Body, and the Mind Research Lab of ADETTI-ISCTE, 

Avenida das Forças Armadas, Edifício ISCTE, 1600-082 Lisboa, Portugal 

{antonio.lopes,luis.botelho}@we-b-mind.org 

Abstract. The need to add semantic information to web-accessible services has 

created a growing research activity in this area. Standard initiatives such as 

OWL-S and WSDL enable the automation of discovery, composition and 

execution of semantic web services, i.e. they create a Semantic Web, such that 

computer programs or agents can implement an open, reliable, large-scale 

dynamic network of Web Services. This paper presents the research on agent 

technology development for context-aware execution of semantic web services, 

more specifically, the development of the Service Execution Agent (SEA). SEA 

uses context information to adapt the semantic web services execution process 

to a specific situation, thus improving its effectiveness and providing a faster 

and better service to its clients. Preliminary results show that context-awareness 

(e.g., the introduction of context information) in a service execution 

environment can speed up the execution process, in spite of the overhead that it 

is introduced by the agents’ communication and processing of context 

information.  

Keywords: Context-awareness, Semantic Web, Service Execution, Agents. 

1   Introduction 

Semantic Web Services are the driving technology of today’s Internet as they can 

provide valuable information on-the-fly to users everywhere. Information-providing 

services, such as cinemas, hotels and restaurants information and a variety of 

e-commerce and business-to-business applications are implemented by web-accessi- 

ble programs through databases, software sensors and even intelligent agents. 

Research on Semantic Web standards, such as OWL-S [16] [19] and WSDL [3], 

opens the way for the creation of automatic processes for dealing with the discovery, 

composition and execution of web-based services. We have focused our research on 

the development of agent technology that allows the context-aware execution of 

semantic web services. We have decided to adopt the agent paradigm, creating SEA 

to facilitate the integration of this work in open agent societies [12], enabling these 

not only to execute semantic web services but also to seamlessly act as service 

providers in a large network of interoperating agents and web services. 
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In [21] the same approach was used in the Web Services infrastructure because of 

its capability to perform a range of coordination activities and mediation between 

requesters and providers. However, the broker-agent approach for the discovery and 

mediation of semantic web services in a multi-agent environment described in [21] 

does not take into account the use of context information. Thus we have decided to 

introduce context-awareness into the service execution process as a way of improving 

the services provided in dynamic multi-agent environments, such as the ones 

operating on pure peer-to-peer networks. Furthermore, the use of context information 

helps improve the execution process by adding valuable situation-aware information 

that will contribute to its effectiveness. 

Being able to engage in complex interactions and to perform difficult tasks, agents 

are often seen as a vehicle to provide value-added services in open large-scale 

environments. However, the integration of agents as semantic web services providers 

is not easy due to the complex nature of agents’ interactions. In order to overcome 

this limitation, we have decided to extend the OWL-S Grounding specification to 

enable the representation of services provided by intelligent agents. This extension is 

called the AgentGrounding and it is further detailed in [15]. 

We have also introduced the use of Prolog [4] for the formal representation of 

logical expressions in OWL-S control constructs. As far as we know, the only support 

for the formal representation of logical expressions in OWL-S (necessary for 

conditions, pre-conditions and effects) is done through the use of SWRL [13] and 

PDDL. Performance tests show that our Prolog approach improves the execution time 

of logical expressions in OWL-S services. 

The remaining of this paper is organized as follows: section 2 gives a brief 

overview of related work; section 3 describes the use of context information and the 

introduction of context-aware capabilities in SEA; section 4 describes a motivating 

example which depicts a scenario where SEA is used; section 5 fully describes SEA 

by presenting its internal architecture, external interface, execution process and the 

implementation details; section 6 presents the performance tests and the overall 

evaluation of our research; finally, in section 7 we conclude the paper. 

2   Related Work 

The need to add semantic information to web-accessible services has created a 

growing research activity over the last years in this area. Regarding semantic web 

services, two major initiatives rise above the other, mainly because of their wide 

acceptance by the research community: WSMO [23] and OWL-S. A comparison 

between the two service description languages [14] concludes that the use of WSMO 

is more suitable for specific domains related to e-commerce and e-business, rather 

than for generic use, i.e., for different and more complex domains. OWL-S was 

designed to be generic and to cover a wide range of different domains but it lacked 

the formal specification to deal with logic expressions in the service description. We 

decided to use OWL-S as the Service Description Language due to its power in 

representing several different and complex domains. Other semantic web service 

execution approaches, such as WSMX [8] [9] are available but all rely on WSMO. 

However, since OWL-S was the chosen service description language to be used in 
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this research, it is important to analyze the existing developed technology related to 

this standard in particular. 

Two main software tools are referred in the OWL-S community as the most 

promising ones, regarding OWL-S services interpretation and execution: OWL-S VM 

[20] and OWL-S API [24]. However, at the time this research work has started, the 

OWL-S VM did not have a public release. OWL-S API is a developed Java API that 

supports the majority of the OWL-S specifications. For being the only OWL-S tool 

publicly available at the time, we have chosen to use and extend the OWL-S API.  

In the interest of making the created technology interoperable with other systems 

that were already developed, we decided to ground its design and implementation on 

FIPA specifications, which are widely accepted agent standards. There are several 

existing FIPA-compliant systems that can be used: AAP [11], JADE [2], ZEUS [18], 

AgentAcademy [17] are just a few to be mentioned. We decided to use the JADE 

multi-agent platform because of its large community of users that constantly 

contribute to the improvement of the technology. 

3   Service Execution and Context-Awareness 

Context-aware computing is a computing paradigm in which applications can 

discover and take advantage of contextual information. As described in [7] “context is 

any information that can be used to characterize the situation of an entity, being an 

entity a person, place or object that is considered relevant to the interaction between a 

user and an application, including the user and applications themselves”. We can 

enhance this definition of context by stating that the context of a certain entity is any 

information (provided by external sensors or other entities) that can be used to 

characterize the situation of that entity individually or when interacting with other 

entities. The same concept can be transferred to application-to-application interaction 

environments. 

Context-aware computing can be summarized as being a mechanism that collects 

physical or emotional state information on a entity; analyses that information, either 

by treating it as an independent variable or by combining it with other information 

collected in the past or present; performs some action based on the analysis; and 

repeats from the first step, with some adaptation based on previous iterations [1]. 

SEA uses a similar approach as the one described in [1] to enhance its activity, by 

adapting it to the specific situation that the agent and its client are involved in, at the 

time of the execution process. 

SEA interacts with a generic context system [5] in order to obtain context 

information, subscribe desired context events and to provide relevant context 

information. Other agents, web services and sensors (both software and hardware) in 

the environment will interact with the context system as well, by providing relevant 

context information related to their own activities, which may be useful to other 

entities in the environment. 

Throughout the execution process, SEA provides and acquires context information 

from and to this context system. For example, SEA provides relevant context 

information about itself, such as its queue of service execution requests and the  
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average time of service execution. This will allow other entities in the environment to 

determine the service execution agent with the smallest work load, and hence that can 

provide a faster execution service. 

During the execution of a compound service, SEA invokes atomic services from 

specific service providers (both web services, and service provider agents).  SEA also 

provides valuable information regarding these service providers’ availability and 

average execution time to the context system. Other entities can use this information 

(by contacting the context system) to rate service providers or to simply determine the 

best service provider to use in a specific situation. 

Furthermore, SEA uses its own context information (as well as information from 

other sources and entities in the environment) to adapt the execution process to a 

specific situation. For instance, when selecting among several providers of some 

service, SEA will choose the one with better availability (with less history of being 

offline) and lower average execution time. 

In situations such as the one where service providers are unavailable, it is faster to 

obtain the context information from the context system (as long as service providers 

can also provide context information about their own availability) than by simply 

trying to use the services and finding out that they are unavailable (because of the 

time lost waiting for connection time-outs to occur). After obtaining this relevant 

information, SEA can then contact other service-oriented agents (such as service 

discovery and composition agents) for requesting the re-discovering of service 

providers and/or the re-planning of composed services. This situation-aware approach 

using context information on-the-fly helps SEA providing a value-added execution 

service. 

4   Example: Search Books’ Prices 

In this section we present an example scenario in the domain of books’ prices 

searching, in order to better prove the need for the existence of a broker agent for the 

execution of semantic web services. 

Imagine a normal web user that wants to find a specific book (of which he doesn’t 

recall the exact title) of a certain author, at the best price available. Probably, he 

would start by using a domain-specific search engine to find the intended item. After 

finding the exact book, he would then try to find websites that sell it. After doing an 

extensive search, he would finally find the web site that sells the book at the best 

price, but it only features the price in US dollars. The user is Portuguese and he would 

like to know the book’s price in Euros, which leaves him with a new search for a 

currency converter service that would help him with this task. As we can see, this user 

would have to handle a lot of different web sites and specific searches to reach its 

objective: find the best price of a certain book. 

The composition of atomic semantic web services into more complex value-added 

services would present an easy solution to this problem. The idea is to provide a 

unique compound service with the same features as the example described above, but 

the use of which would be a lot simpler, since it would be through the interaction with 

a service execution broker agent. 
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Fig. 1 shows the overall scenario description, by presenting all the participants and 

the interactions between them. We will assume the existence of a compound service 

called “book best-price search”. The dashed gray lines represent the interactions that 

are not subject of this paper. 

 

Fig. 1. Overall Scenario Description 

The user of this service is represented in the figure as the client user and by his 

personal agent. The client user will provide the necessary information (author’s name, 

book’s title and expected currency) to his personal agent so that this can start the 

interaction with the remaining participants in order to obtain the desired result of the 

“book best-price search” service. 

In order to request the execution of the “book best-price search” service, the 

personal agent needs to have the service’s OWL-S description. This could have been 

previously obtained from a composition planner agent or service discovery agent. 

This interaction and the composition of the compound service are not covered by this 

paper. 

After sending the “book best-price search” service’s OWL-S description and the 

instantiation information (input parameters) provided by its user to the service 

execution agent, the personal agent will wait for the result of the service to then 

inform its user. 

Semantic Web Services can be any web-based computer application, such as web 

services or intelligent agents, as long as they are described using a formal description 

language, such as OWL-S. They are represented in the figure on the opposite end to 

the client user. For this example, we’ll consider the existence of the following 

semantic web services: 
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• Book Information Agent – this web-accessible information agent provides 

information about books and its authors 

• Price Search Web Services – these web-accessible services provide an item’s 

best-price search service (such as Amazon and Barnes & Noble) 

• Currency Converter Web Service – this web service provides simple conversion 

of a monetary value from one currency to another. 

The service execution agent interacts with these semantic web services to obtain 

the required information, according to instructions in the compound service’s OWL-S 

Process Model and Grounding descriptions. 

The service execution agent bases the execution on the service’s OWL-S 

description. This OWL-S description can, sometimes, be incomplete, i.e., missing 

atomic services information regarding Grounding information. This can compromise 

the service’s execution simply because the service execution agent doesn’t have the 

necessary information to continue. On the other hand, if the service’s OWL-S 

description is complete but the service execution agent is operating on very dynamic 

environments (such as pure P2P networks), the information contained in the service’s 

OWL-S description can be easily out-dated (previously existing semantic web 

services are no longer available in the network). This will also compromise the 

agent’s service execution activity. 

To solve this problem, the service execution agent can interact with other 

service-oriented computing agents, such as service discovery and service composition 

agents, for example, when it needs to discover new services or when it needs to do 

some re-planning of compound services that somehow could not be executed, for 

whatever reasons explained above. 

5   Service Execution Agent 

The Service Execution Agent (SEA) is a broker agent that provides context-aware 

execution of semantic web services. The agent was designed and developed 

considering the interactions described in sections 3 and 4 and the internal architecture 

was clearly designed to enable the agent to receive requests from client agents, 

acquire/provide relevant context information, interacting with other service 

coordination agents when relevant and execute remote web services. 

This section of the paper is divided into four sub-sections. Sub-sections 5.1 and 5.2 

describe the internal architecture of the agent, explaining in detail the internal 

components and their interactions both internal and external, using the agent 

FIPA-ACL interface. Sub-section 5.3 describes the execution process that the agent 

carries out upon request from a client agent. Sub-section 5.4 provides some details on 

the implementation of the agent. 

5.1   Internal Architecture 

The developed agent is composed of three components: the Agent Interaction 

Component (AIC), the Engine Component (EC) and the Service Execution 

Component (SEC). Fig. 2 illustrates the internal architecture of the agent and the 

interactions that occur between the components and with external entities. 
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Fig. 2. SEA Internal Architecture and Interactions 

The AIC was developed as an extension of the JADE platform and its goal is to 

provide an interaction framework to FIPA-compliant agents, such as SEA’s clients 

(requesting the execution of specified services – Fig. 2, step 1) and service discovery 

and composition agents (when SEA is requesting the re-discovering and re-planning 

of specific services – Fig. 2, steps *). This component extends the JADE platform to 

provide extra features regarding language processing, behaviour execution, database 

information retrieval and components’ communication. Among other things, the AIC 

is responsible for receiving messages, parsing them and processing them into a 

suitable format for the EC to use it (Fig. 2, step 2). The reverse process is also the 

responsibility of the AIC – receiving data from the EC and processing it into the 

agents’ suitable format to be sent as messages Fig. 2, step 9). 

The EC is the main component of SEA as it controls the agent’s overall activity. It 

is responsible for pre-processing service execution requests, interacting with the 

context system and deciding when to interact with other agents (such as service 

discovery and composition agents). When the EC receives an OWL-S service 

execution request (Fig. 2, step 2), it acquires suitable context information (regarding 

potential service providers and other relevant information, such as client location – 

Fig. 2, step 3) and schedules the execution process. If the service providers of a 

certain atomic service (invoked in the received composed service) are not available, 

SEA interacts with a service discovery agent (through the AIC – Fig. 2, steps *) to 

discover available providers for the atomic services that are part of the OWL-S 

compound service. If the service discovery agent cannot find adequate service 

providers, the EC can interact with a service composition agent (again through the 

AIC – Fig. 2, steps *) asking it to create an OWL-S compound service that produces 

the same effects as the original service. After having a service ready for execution, 

with suitable context information, the EC sends it to the SEC (Fig. 2, step 4), for 

execution. Throughout the execution process, the EC is also responsible for providing 

context information to the context system, whether it is its own information (such as  
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service execution requests’ queue and average time of execution) or other entities’ 

relevant context information (such as availability of providers and average execution 

time of services). 

The SEC was developed as an extension of the OWL-S API and its goal is to 

execute semantic web services (Fig. 2, steps 5a and 6a) described using OWL-S 

service description and WSDL grounding information. The extension of the OWL-S 

API allows for the evaluation of logical expressions in conditioned constructs, such as 

the If-then-Else and While constructs, and in the service’s pre-conditions and effects. 

OWL-S API was also extended (see section 5.3) in order to support the execution of 

services that are grounded on service provider agents (Fig. 2, steps 5b, 6b). When the 

SEC receives a service execution request from the EC, it executes it according to the 

description of the service’s process model. This generic execution process is 

described in section 5.3. After execution of the specified service and generation of its 

results, the SEC sends them to the EC (Fig. 2, step 7) for further analysis and 

post-processing, which includes sending gathered context information to the context 

system (Fig. 2, step 8) and sending the results to the client agent (through the AIC – 

Fig. 2, steps 9, 10). 

5.2   Agent Interface 

When requesting the execution of a specified service, client agents interact with the 

Service Execution Agent through the FIPA-request interaction protocol [10]. This 

protocol states that when the receiver agent receives an action request, it can either 

agree or refuse to perform the action. In the first part of this protocol, the execution 

agent should then notify the other agent of its decision through the corresponding 

communicative act (FIPA-agree or FIPA-refuse). The execution agent performs this 

decision process through a service execution’s request evaluation algorithm that 

involves acquiring adequate context information. The Service Execution Agent will 

only agree to perform a specific execution if it is possible to execute it, according to 

currently available context information. For example, if necessary service providers 

are not available and the time that requires finding alternatives is longer than the 

timeframe in which the client agent expects to obtain a reply to the execution request, 

then the execution agent refuses to perform it. On the other hand, if the execution 

agent is able to perform the execution request (because service providers are 

immediately available), but not in the time frame requested by the client agent (again, 

according to available context information) it also refuses to do so. The execution 

agent can also refuse to perform execution requests if its work load is already too high 

(if its requests queue is bigger than a certain threshold). 

The FIPA-request also states that after successful execution of the requested action, 

the execution agent should return the corresponding results through a FIPA-inform 

message. After executing a service, SEA can send one of two different FIPA-inform 

messages: one sending the results obtained from the execution of the service; other 

sending just a notification that the service was successfully executed (when no results 

are produced by the execution). 
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5.3   Execution Process 

OWL-S is an OWL-based service description language. OWL-S descriptions consist 

of three parts: a Profile, which tells "what the service does"; a Process Model, which 

tells "how the service works"; and a Grounding, which specifies "how to access a 

particular provider for the service".  The Profile and Process Model are considered to 

be abstract specifications, in the sense that they do not specify the details of particular 

message formats, protocols, and network addresses by which a Web service is 

instantiated.  The role of providing more concrete details belongs to the grounding 

part. WSDL (Web Service Description Language) provides a well-developed means 

of specifying these kinds of details. For the execution process, the most relevant parts 

of an OWL-S service description are the Process Model and the Grounding. The 

Profile part is more relevant for discovery, matchmaking and composition processes, 

hence no further details will be provided in this paper. 

The Process Model describes the steps that should be performed for a successful 

service execution. These steps represent two different views of the process: first, a 

process produces a data transformation of the set of given inputs into the set of 

produced outputs; second, a process produces a transition in the world from one state 

to another. This transition is described by the preconditions and effects of the process 

[19]. 

The Process Model identifies three types of processes: atomic, simple, and 

composite. Atomic processes are directly evocable. They have no sub-processes, and 

can be executed in a single step, from the perspective of the service requester. Simple 

processes are not evocable and are not associated with a grounding description, but, 

like atomic processes, they are conceived of as having single-step executions. 

Composite processes are decomposable into other (non-composite or composite) 

processes. These represent several-steps executions, which can be described using 

different control constructs, such as Sequence (representing a sequence of steps) or If-

Then-Else (representing conditioned steps). 

The Grounding specifies the details of how to access the service. These details 

mainly include protocol and message formats, serialization, transport, and addresses 

of the service provider. The central function of an OWL-S Grounding is to show how 

the abstract inputs and outputs of an atomic process are to be concretely realized as 

messages, which carry those inputs and outputs in some specific format. The 

Grounding can be extended to represent specific communication capabilities, 

protocols or messages. WSDL and AgentGrounding are two possible extensions. 

The general approach for the execution of OWL-S services consists of the 

following sequence of steps: (i) validate the service’s pre-conditions, whereas the 

execution process continues only if all pre-conditions are true; (ii) decompose the 

compound service into individual atomic services, which in turn are executed by 

evoking their corresponding service providers using the description of the service 

providers contained in the grounding section of the service description; (iii) validate 

the service’s effects by comparing them with the actual service execution results, 

whereas the execution process only proceeds if the service has produced the expected 

effects; (iv) collect the results, if any have been produced since the service may be 

only a “change-the-world” kind of service, and send them to the client who requested 

the execution. 
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WSDL is an XML format for describing network services as a set of endpoints 

operating on messages containing either document-oriented or procedure-oriented 

information. The operations and messages are described abstractly, and then bound to 

a concrete network protocol and message format to define an endpoint. Related 

concrete endpoints are combined into abstract endpoints (services). WSDL is 

extensible to allow description of endpoints and their messages regardless of what 

message formats or network protocols are used to communicate [3]. In short, WSDL 

describes the access to a specific service provider for a described OWL-S service.  

However, WSDL currently lacks an efficient way of representing agent bindings, 

i.e., a representation for complex interactions such as the ones that take place with 

service provider agents. To overcome this limitation, we decided to create an 

extension of the OWL-S Grounding specification, named AgentGrounding [15]. This 

extension is the result of an analysis of the necessary requirements for interacting with 

agents when evoking the execution of atomic services. In order for an agent to act as a 

service provider in the Semantic Web, its complex communication schema has to be 

mapped into the OWL-S Grounding structure. To achieve this mapping, the 

AgentGrounding specification includes most of the elements that are present in Agent 

Communication Languages. At the message level, the AgentGrounding specification 

includes elements such as the name and the address of the service provider, the 

protocol and ontology that are used in the process, the agent communication language 

and the content language. At the message content level, the AgentGrounding 

specification includes elements such as name and type of the service to be evoked and 

its input and output arguments, including the types and the mapping to OWL-S 

parameters. For more details and a complete example, we refer the reader to [15]. 

In order to allow the specification of conditioned constructs which were based on 

logical expressions, we have introduced the use of Prolog for the formal 

representation of pre-conditions and If clauses in the descriptions of the services. 

Until now, the only support for control constructs that depend on formal 

representation of logical expressions in OWL-S was done through the use of SWRL. 

However, for performance reasons, which are shown in section 6, we have decided to 

use Prolog. 

5.4   Implementation 

The Service Execution Agent was implemented using Java and component-based 

software as well as other tools that were extended to incorporate new functionalities 

into the service execution environment. These tools are the JADE agent platform [2] 

and the OWL-S API [24]. 

The JADE agent platform was integrated into the Agent Interaction Component 

(see section 5.1) of the Service Execution Agent to enable its interaction with client 

agents and service provider agents. 

The OWL-S API is a Java implementation of the OWL-S execution engine, which 

supports the specification of WSDL groundings. The OWL-S API was integrated into 

the Execution Component of the Service Execution Agent to enable it to execute both 

atomic and compound services. 

In order to support the specification and execution of AgentGrounding descriptions 

(see section 5.3), we have extended the OWL-S API’s execution process engine. The 
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extension of the execution engine allows converting AgentGrounding descriptions 

into agent-friendly messages, namely FIPA-ACL messages, and sending these to the 

corresponding service provider agents. 

To enable the support for control constructs that depend on formal representation 

of logical expressions using Prolog, we extended the OWL-S API with a Prolog 

engine that is able to process logical expressions present in If/While clauses and pre-

conditions. This extension was done through the use of TuProlog [6], an open source 

Java-based Prolog. 

6   Evaluation and Results 

We have stated before that context information would be used to enhance the 

semantic web service execution process. The referred enhancement consists of the 

adaptation of the execution agent to a specific situation in a way such that  

the execution process is done according to a certain situation characteristics, as 

perceived from available context information. A situation is characterized by the 

properties that are imposed to the execution agent when this receives an execution 

request from a client. These properties can be simple limitations such as the client’s 

request for the execution to be done in a certain time-frame or that the service has to 

be available near a specific location. In this section, we present the evaluation process 

that illustrates the advantage of using context information in the execution process 

carried out by the Service Execution Agent. 

As described in section 3, the Service Execution Agent uses context information 

such as availability (to check if service providers often have been offline in the past), 

average execution time (the time each service provider takes to execute a single 

service, in average) and queues of pending requests (the number of requests waiting 

to be processed on each service provider) to determine who the “best” service 

providers are. This collected context information allows the execution agent to build a 

sort of rating schema of the available service providers, by applying the following 

simple formula (for each service provider): Average Execution Time X Queue 
of Pending Requests + Average Execution Time = Estimated Time of 

Execution. Combined with the availability history of the service provider 

(Estimated Time of Execution X Number of Times Offline in the 

Last 10 Minutes) this information will provide the rating (in reverse order) of the 

service provider within the list of available providers for the same service. Thus, 

when executing, the Service Execution Agent can use this information to determine 

the fastest way to execute a compound service or find alternatives in case of failure. 

Even though this approach of adding context information to the execution process 

improves the way compound services are executed (by allowing the determination of 

the best service providers in a specific situation and by providing a failure recovery 

method), it introduces an overhead that doesn’t exist in semantic web services 

execution environments that do not consider using context information. This overhead 

is composed of the procedures that the execution agent must perform when dealing 

with the remaining elements of the service coordination infrastructure: 

communicating and managing conversations with other agents (client, service 

discovery and composition agents), retrieving and processing context information 
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(related to the service providers) and preparing the execution of compound services. It 

is important to determine how this overhead influences the overall execution time. 

Table 1 shows the average behavior of the Service Execution Agent in the repeated 

execution (50 times) of the compound service (with 5 atomic services) described in 

section 4. The Normal Execution Time (NET) is the time that it takes to execute the 

web services; the Overhead Execution Time (OET) is the time that SEA takes to 

perform the mentioned procedures related to context information processing, 

conversations’ management and preparation of execution; the Total Execution Time 

(TET) is the total time of execution: NET + OET. 

Table 1. Execution time details (in seconds) of the repeated execution (50 requests) of the 

“book best-price search” service 

 Total Average Max Min 

TET 1244,35 25,39 33,8 20,15 

NET 1242,46 25,36 33,79 20,12 

OET 1,89 0,04 0,15 0,01 

Table 1 provides the execution time details of the entire test. As we can see in 

Table 1 the average overhead execution time is very small (0,04 seconds). This value 

is hardly noticeable by a user of such a system. Moreover, in some tests the use of this 

kind of service execution approach allowed the reduction of the overall execution 

time due to the fact that the execution agent always tried to find the fastest service 

provider (the one which was online for longer periods in the past or had a lower work 

load or had a lower average execution time). 

It is important to detail the overhead execution time in order to determine which 

are the most time consuming processes. Fig. 3 shows the overall behavior of the 

overhead during the test described in Table 1. 

The gray dashed line represents the time used in the communication with other 

agents; the regular black line represents the service processing time (gathering context 
 

 

Fig. 3. Detailed Overhead Execution Time of the test described in Table 1 
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information and adapting accordingly); and the dashed black line (hardly noticeable in 

the figure because of being so low) represents the service execution process 

preparation, which mainly consists of changing the service description whenever 

necessary (for example, when service providers change and the grounding have to be 

changed accordingly). By analyzing the chart in Fig. 3, we can easily determine that 

the specific task that contributes to increase the overhead execution time is the 

preparation task, i.e., the access to the context system to retrieve relevant context 

information. We can also see that, in some cases, the time used in communication 

with other agents is the most time-consuming event. However, this can be explained 

by the environment in which agents operate, whereas the communication process in 

highly dynamic environments is influenced by network traffic. A deeper analysis of 

the preparation time allowed us to determine that the most time-consuming process 

when accessing the context system is in fact the communication with the context 

system through its JINI interface [5]. So, the preparation time can be reduced if the 

access to the context system can be improved through the use of a different 

communication interface, which proves to be faster and more reliable. 

The described test was done using the “book best-price search” service description 

with logical expressions described in Prolog. However, to compare our approach of 

using Prolog with the existing approach originally implemented in the OWL-S API, 

we have decided to repeat the test, this time using SWRL for the representation of 

logical expressions. Fig. 4 details the execution times for each atomic service of the 

“book best-price search” service, this time using SWRL. The use of logical 

expressions is only done in the atomic service “Compare Prices”, which consists on a 

If clause that compares the prices of both book shops (Amazon and Barnes & Noble) 

and determines which one is cheaper. 

 

Fig. 4. Execution test of the “book best-price search” service with SWRL expressions 

As we can see in Fig. 4, the “Compare Prices” atomic service is the only one that 

does not have a constant behavior throughout the entire execution test. In fact, this 

service increases its execution time on each cycle, thus contributing to the increase of 

the overall execution time of the compound service. This behavior may be explained 

by an inefficient implementation of the SWRL extension or the SPARQL [22] engine 
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(used for the queries of logical expressions) in the OWL-S API, however we were not 

able to determine the exact cause of this inefficient behavior. 

The overall evaluation of the work shows that the Service Execution Agent can be 

used in highly dynamic environments since it can efficiently distribute the execution 

work to the appropriate service providers, hence providing a faster and more reliable 

service to a user with time, device and location constraints. 

7   Conclusions 

We have presented a framework to enable the execution of semantic web services 

using a context-aware broker agent – the Service Execution Agent. The developed 

approach uses context information to determine the appropriate service providers for 

each situation. In doing so, SEA becomes a highly efficient broker agent capable of 

distributing the execution work among the available service providers, thus providing 

a more useful and faster service to its clients. Evaluation results show that the 

introduction of context-aware capabilities and the interaction within a service 

coordination infra-structure not only add a very small overhead to the execution 

process, as it can sometimes improve the overall execution time, thus offering a valid 

and reliable alternative to the existing semantic web services execution environments. 

Future work will be based on the further analysis of the use of Prolog and SWRL 

in the logical representation of conditions, in order to determine the exact cause of the 

inefficient behaviour when using SWRL and whether Prolog is a better formal 

representation solution for logical expressions in the execution of semantic web 

services. Also, we intend to perform comparison tests of our approach with other 

semantic web services execution approaches that may have been recently developed. 
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Abstract. Recent advances in service-oriented frameworks and seman-
tic Web technologies have enabled software agents to discover and invoke
resources over large distributed systems, in order to meet their high-level
objectives. However, most work has failed to acknowledge that such sys-
tems are complex and dynamic multi-agent systems, where service provi-
ders act autonomously and follow their own decision-making procedures.
Hence, the behaviour of these providers is inherently uncertain — ser-
vices may fail or take uncertain amounts of time to complete. In this
work, we address this uncertainty and take an agent-oriented approach
to the problem of provisioning service providers for the constituent tasks
of abstract workflows. Specifically, we describe an algorithm that uses
redundancy to deal with unreliable providers, and we demonstrate that
it achieves an 8-14% improvement in average utility over previous work,
while performing up to 6 times as well as approaches that do not con-
sider service uncertainty. We also show that our algorithm performs well
in the presence of inaccurate service performance information.

1 Introduction

Fuelled by technological advances and the pervasiveness of communication net-
works, such as the Internet, modern computing devices are increasingly part
of complex distributed systems, allowing unprecedented access to a wide range
of resources, information sources and remote computing facilities. In this con-
text, service-oriented computing is emerging as a popular approach for allowing
autonomous agents to discover and invoke such distributed resources, encapsu-
lated as computer services [1]. In most application scenarios, from computational
Grids to automated business processes, multiple services are often combined as
part of workflows, thus enabling the consumer to achieve complex goals [2].

Now, a key feature of large distributed systems is that participants are often
autonomous agents that follow their own decision-making procedures [3]. This
means that the behaviour of service providers is beyond the control of the con-
sumer, and is thus inherently uncertain. This might be manifested by uncertain
service durations (e.g., when a provider prioritises service requests from some
consumers over others, or when it allocates a variable fraction of its available
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resources to each request), or by unpredictable failures that might occur when a
provider is unable (or unwilling) to honour a service request. Such uncertainty
is a critical issue for service consumers that need to execute large workflows
of interdependent tasks in distributed systems, especially when there are time
constraints and when service providers demand remuneration.

So far, this issue has received relatively little attention in the current litera-
ture. Instead, most work is concerned with matchmaking techniques that simply
identify any single service provider able to fulfil a given goal, based on service
descriptions that are assumed to be accurate and truthful [4]. While some work-
flow languages contain static exception handling methods for dealing with service
failures [5], these are inflexible, as they: deal only reactively with problems; need
to be specified manually; and usually rely on cooperative services that signal
failures and can be rolled back.

To address failures more proactively, some approaches have used quality-of-
service measures to place constraints on services or to optimise a weighted sum
of various parameters [6], but these require appropriate constraints and weights
to be specified by a user. Other research uses utility-theory to choose optimal
services in the presence of uncertainty [7]. However, these approaches generally
provision only single providers for each task of a workflow, which leads to brittle
workflows that are highly vulnerable to single failures. An exception to this is
work on highly unreliable services in public-resource computing and peer-to-peer
systems, where services are invoked redundantly to increase the overall reliability
[8]. While dealing with uncertainty to some extent, such work assumes services
to be provided for free, and uses a fixed level of redundancy regardless of the
actual reliability of services, time constraints or the value of the workflow.

To deal with this, we previously described a strategy that uses stochas-
tic quality-of-service information about providers to flexibly provision multiple
providers for particularly failure-prone tasks in a workflow [9]. In that work,
we showed that this redundancy allows the consumer to deal proactively with
service uncertainty, and we demonstrated that the strategy worked well even
if all available providers were highly unreliable. However, the strategy used a
simple estimate of the overall workflow completion time based only on the mean
time of each task. Furthermore, we assumed accurate performance information
to be available about every task, which may be unrealistic in open and dynamic
systems, where such information is often noisy and inaccurate.

In this paper, we substantially extend our previous work in the the following
three ways. First, we describe how to calculate and use task duration variance
in order to obtain a better estimate for the overall workflow completion time.
Second, we investigate the sensitivity of our strategy in the presence of inaccurate
service performance information. Third, we show how our strategy performs in
more complex environments than previously considered.

The remainder of this paper is structured as follows. In Section 2, we describe
the model of a service-oriented system. Then, in Section 3, we outline our ex-
tended provisioning strategy. In Section 4, we empirically evaluate the strategy
and compare it to our previous work. We conclude in Section 5.
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Fig. 1. Lifecycle of a workflow

2 Service-Oriented System Model

In order to provide a formal basis for our work, we briefly describe our system
model in this section and relate it to the lifecycle of a workflow, as shown in Fig. 1.
As is common in related work, we assume that a service consumer has selected an
abstract workflow, describing the types of tasks and their ordering constraints
required to achieve some high-level goal (the first stage in Fig. 1). This may
originate from a workflow repository or a planner that operates on service types.
More formally, we represent such an abstract workflow as a directed acyclic
graph W = (T, E), where T =

{

t1, t2, . . . , t|T |

}

is the set of nodes (the tasks)
and E ∈ T ↔ T is the set of edges (the ordering constraints). Furthermore, we
use a reward function u ∈ Z+

0 → R that denotes the utility of completing the
workflow at a given time step t. This is based on a maximum reward umax that is
awarded if the workflow is completed no later than a deadline d. If the workflow
is late, a cumulative penalty δ is deducted at each time step, until the consumer
no longer receives a reward (it does not receive a negative reward — rather, we
assume that the workflow has simply failed). Formally, we define u as:

u(t) =

⎧

⎨

⎩

umax if t ≤ tmax

umax − δ(t − d) if t > d and t < d + umax/δ
0 if t ≥ d + umax/δ.

(1)

Once a workflow has been selected, a consumer discovers appropriate service
providers for each of the tasks by submitting the abstract task descriptions to a
matchmaking process [10] (as shown in the matchmaking stage of Fig. 1). This
might be achieved by contacting a service registry or communicating with a
broker. We represent this process using a matching function m ∈ T → ℘(S),
where S =

{

s1, s2, . . . , s|S|

}

is the set of all service providers. This maps each
task ti to a subset of S to represent the providers that are able to satisfy ti.

In the next stage, the agent provisions service providers for each task. Here,
it makes a decision about how to allocate individual service providers to the
constituent tasks of the workflow. We focus on this particular stage, because it
allows the agent to use appropriate domain knowledge or information provided
by a trust model [11] to make predictions about the feasibility of a workflow, and,
where necessary, invest additional resources to provision providers redundantly
for particularly failure-prone tasks. In this context, we assume that some limited
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performance information about the population of providers for each task ti is
known to the consumer1:

– Si ⊆ S is the set of suitable service providers (as given by m(ti)).
– fi ∈ [0, 1] is the probability that a randomly chosen provider from Si will

default or otherwise fail to deliver a satisfactory result.
– Di(t) ∈ [0, 1] is the cumulative probability distribution, representing the

execution duration of a single service provider (randomly chosen from Si

and assuming it is successful). In particular, Di(t) is the probability that the
provider will take t time steps or less to complete the service.

– ci ∈ R is the cost of invoking a provider from Si. This may be a financial
remuneration or a communication cost.

After provisioning, the consumer starts invoking providers for the tasks of the
workflow according to the ordering constraints given by E (the fourth stage in
Fig. 1). Here, we assume that providers are only invoked at integer time steps,
and, as is common in the Web services domain, this is done on demand when
providers are required. Hence, the cost for each is paid only at the time of
invocation (but regardless of the eventual outcome). When invoked, a provider
successfully completes the assigned task ti with probability 1− fi. The duration
of a successful service execution is distributed according to Di, after which the
service consumer is notified of success. When a provider fails, we assume that it
does so silently (i.e., no response is given to the consumer). This is realistic in
distributed systems, where service providers generally do not reveal their internal
state, and where network or machine failures can cause communication losses.

Furthermore, as there may be several matching providers for a task, the con-
sumer can invoke more than one service for this task at the same time. In this
case, the consumer has to pay each provider separately, and the task is completed
when the earliest service has executed successfully (if any). When all providers
seem to have failed, the consumer may invoke new providers for this task. In
this case, the consumer will ignore the previously invoked providers and assign
the task to the newly provisioned set of services.

Having outlined our basic system model and workflow lifecycle, we now con-
tinue to describe our extended provisioning strategy.

3 Flexible Provisioning

In this section, we present a heuristic provisioning strategy that decides dynami-
cally how to provision providers based on the information that is available about
each task of the workflow. This strategy is an extension of the work described
in [9], and now includes mechanisms for calculating the duration variances of
individual tasks and using them to estimate the overall duration distribution of
the workflow. In Section 3.1, we begin by giving a high-level overview of our
approach, and then, in Sections 3.2 and 3.3, we detail the calculations at the
task and workflow level, respectively.

1 In [12] we consider the case where more detailed information about individual
providers is available.
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3.1 Provisioning Problem

As discussed in more detail in our previous work [9], we use two forms of redun-
dancy to deal with uncertainty: parallel and serial provisioning. More specifically,
for each task ti, we determine a number of providers (ni) to invoke in parallel.
Provisioning multiple providers in such a way increases the probability of success
for that task, and also decreases its expected duration (as the consumer can pro-
ceed as soon as one of the providers is successful). Furthermore, to deal with the
case where none of the providers is successful, we determine a maximum waiting
time (wi) before the consumer invokes a new set of ni service providers. How-
ever, using redundancy in such a way increases the cost for the overall workflow,
and, hence, we aim to maximise the expected net profit (denoted ū(n, w)):

max
n,w∈N|T |

ū(n, w), (2)

where n and w are vectors, whose ith elements correspond to the number of
parallel providers (ni) and the waiting time (wi) of each task ti of the workflow.
Furthermore, we define the expected net profit ū(n, w) as the difference of the
expected reward r̄(n, w) and the expected cost c̄(n, w) when provisioning the
workflow using the vectors n and w:

ū(n, w) = r̄(n, w) − c̄(n, w). (3)

However, even the calculation of this objective function for any given vectors
n and w is intractable, because it requires the calculation of the overall duration
distribution (this is known to be a #P -complete problem [13]). For this reason,
we use a heuristic strategy that estimates the expected reward and cost of a ran-
dom initial choice for n and w, and then performs steepest-ascent hill-climbing
to find a good solution. More specifically, at each iteration, our hill-climbing al-
gorithm generates a large set of neighbours of the current best choice for n and
w by performing small changes to it. To generate each neighbour, the algorithm
picks one component of either vector (ni or wi), then increases or decreases it
by either 1 or a random amount. This is done systematically for each task, thus
producing 8 · |T | neighbours in total. Each neighbour is then evaluated, the best
is chosen and this process is repeated until no more improvements can be made.

Now, in our previous work, we used a simple calculation for estimating the
expected reward r̄(n, w). In particular, our mechanism assumed task durations
to be deterministic and then used the longest path in the workflow to calculate
an overall, deterministic duration t̃ (conditional on success). Hence, it estimated
the expected reward as r̃ = p · u(t̃), where p is the overall success probability
of the workflow, and u(t̃) is the reward at time t̃ (omitting the parameters n

and w for brevity). A major shortcoming of this approach is that it does not
consider the variance of task durations at all, and so often overestimates the
expected reward. To address this, we artificially increased our estimate for t̃ by
a constant 20%, but such an approach still does not consider variance, and is
not guaranteed to work well in all environments.
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To overcome this, we now use an improved heuristic that does not assume a
deterministic duration, but rather estimates the probability distribution of the
workflow duration. To this end, we estimate the expected profit as:

ũ = p

∫ ∞

0

dW (x)u(x) dx − c̃, (4)

where dW (x) is a probability density function that estimates the overall dura-
tion of the workflow, and c̃ is an estimate of the expected overall cost (using a
continuous probability function allows us to derive a simple and concise solution
in closed form). This equation is central to our heuristic strategy, and, in the
following two sections, we describe how to calculate its components.

3.2 Local Task Calculations

In order to solve Equation 4, we first calculate four parameters for each task
ti in the workflow: its success probability, expected cost, expected duration and
duration variance. These are discussed in more detail below.

Success Probability (pi): This is the probability that the task will be suc-
cessful, regardless of the eventual finishing time. Because we assume that the
consumer will continue invoking providers until the task is completed (with the
given waiting time wi between invocations), it is the probability that at least
one provider from the set Si is successful within its allocated time:

pi = 1 − (1 − (1 − fi) · Di(wi))
|Si|. (5)

Expected Cost (c̄i): This is expected overall cost that the consumer will spend

on the task. To calculate it, we let f̂i = (1−(1−fi) ·Di(wi))
ni be the probability

that a single invocation of ni parallel providers is unsuccessful within their given
waiting time, m = ⌊|Si|/ni⌋ the maximum number of such invocations (with ni

providers), and r = |Si| mod ni the number of service providers available for the
last invocation. The expected cost is then:

c̄i = nici · 1 − f̂m
i

1 − f̂i

+ f̂m
i cir. (6)

Expected Duration (t̄i): This is the expected time the providers will take to
complete the task (conditional on overall success). Here, we let μi = D̂i(wi)

−1
∑wi

k=1 k · (D̂i(k) − D̂i(k − 1)) be the mean time to success of a single successful

invocation of ni service providers (where D̂i(x) = 1 − (1 − (1 − fi) · Di(x))ni is
the cumulative non-conditional probability that at least one out of ni services
has finished successfully by time x), λi the corresponding mean time for the
final invocation of r providers, and f̌r the failure probability of that invocation
(calculated analogously to f̂i). Hence, we calculate the expected duration as:

t̄i =
1

pi

(μi(1− f̂m
i )+wi

f̂i − mf̂m
i + (m − 1)f̂m+1

i

1 − f̂i

+ f̂m
i (1− f̌r)(λi +mwi)). (7)
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Variance of Duration (σ2

i
): This is the variance of the task duration. To

calculate it, we let Ci be a random variable representing the duration of the
task, conditional on its success. Then, E(Ci) is its expected value (note that
E(Ci) = t̄i), E(C2

i ) is its expected square, and VAR(Ci) is its variance. Hence,

σ2
i = VAR(Ci) = E(C2

i ) − E(Ci)
2 = E(C2

i ) − t̄2i . (8)

In order to obtain E(C2
i ), we consider two cases: (1) the task is completed

successfully within the first m invocations, and (2) it is completed during the
last invocation of r providers (if r 
= 0). We denote the durations in each case
by the random variables Ai and Bi, respectively. This allows us to treat both
cases separately, and, letting PA and PB be the respective probabilities of each
case occurring (conditional on overall success), we write E(C2

i ) as:

E(C2
i ) = PAE(A2

i ) + PBE(B2
i ) =

1 − f̂m
i

1 − f̌r f̂m
i

E(A2
i ) +

f̂m
i (1 − f̌r)

1 − f̌rf̂m
i

E(B2
i ). (9)

Next, we note that each duration is divided into a time period spent waiting
during any unsuccessful invocations (we denote these as AWi and BWi), and a
period spent during the final invocation until the first provider is successful (we
denote these as ADi and BDi). We note that these are independent in our model,
and treat case (1) first:

E(A2
i ) = VAR(Ai) + E(Ai)

2

= VAR(AWi) + VAR(ADi) + (E(AWi) + E(ADi))
2

= E(A2
Wi) + E(A2

Di) + 2E(AWi)E(ADi). (10)

Now, E(ADi) = μi, and E(A2
Di) can be similarly calculated by multiplying the

term inside the summation by k2 instead of k. Furthermore, we obtain E(AWi)
from Equation 7, and then derive E(A2

Wi) in a similar way:

E(AWi) =
wi(f̂i − mf̂m

i + (m − 1)f̂m+1
i )

(1 − f̂i)(1 − f̂m
i )

(11)

E(A2
Wi) =

(1 − f̂i)w
2
i

1 − f̂m
i

m−1
∑

k=0

k2f̂k
i (12)

= w2
i (f̂i + f̂2

i − m2f̂m
i − (2m + 1 − 2m2)f̂m+1

i

+ (2m − 1 − m2)f̂m+2
i )(1 − f̂m

i )−1(1 − f̂i)
−2.

Treating case (2) next, we calculate E(B2
i ) analogously to Equation 10. This

is easier, as the waiting time BWi is constant (mwi). Hence,

E(B2
i ) = E(B2

Wi) + E(B2
Di) + 2E(BWi)E(BDi)

= (mwi)
2 + E(B2

Di) + 2mwiE(BDi). (13)

The remaining terms, E(BDi) and E(B2
Di), are calculated as E(ADi) and

E(A2
Di), discussed above. Combining all terms to solve Equation 8 gives us a
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closed form for calculating the variance of the duration of a given task. With
these parameters for each task, we now continue to describe how they are com-
bined over the entire workflow to solve our heuristic function (Equation 4).

3.3 Workflow Calculations

In order to solve Equation 4, we require the overall success probability p, a
distribution for the workflow duration dW (x), and the estimated overall cost c̃.
The success probability p is simply the probability that all tasks are eventually
successful, and the estimated total cost c̃ is the sum of all task costs, each
multiplied by the probability that the task is ever reached (denoted ri):

p =
∏

{i|ti∈T}

pi. (14)

c̃ =
∑

{i|ti∈T}

ri c̄i (15)

ri =

{

1 if ∀tj · ((tj �→ ti) /∈ E)
∏

{j|(tj �→ti)∈E} pj otherwise.
(16)

To estimate the workflow duration function dW (x), we use a technique from
operations research [14]. In particular, we consider the critical path of the work-
flow (i.e., the path that maximises the sum of all mean task durations along it)
and obtain the sum of all mean task durations (λW ) and variances on it (vW ).
Exploiting the central limit theorem, we then approximate the duration of the
workflow using a normal distribution with mean λW and variance vW :

dW (x) =
1√

vW 2π
e
−

(x−λW )2

2vW . (17)

Now, to solve Equation 4, we let DW (x) =
∫ x

−∞
dW (y) dy be the cumulative

probability function2 of dW (x), we let Dmax = DW (tmax) be the probability that
the workflow will finish within the deadline tmax and Dlate = DW (t0)−DW (tmax)
the probability that the workflow will finish after the deadline but no later than
time t0 = umax/δ + tmax (both conditional on overall success).

Next, we consider three distinct cases, based on the form of u(t) (Equation
1). First, the workflow may finish within the deadline tmax — this happens with
probability Dmax and results in the full reward, umax. Second, the workflow
may finish after t0 — this happens with probability 1 − DW (t0), and here the
consumer receives no reward (and so we can ignore it). Finally, the workflow may
finish between these two times, which happens with probability Dlate. Because
u(t) is linear on this interval, we calculate the expected reward in this case by

2 This common function is usually approximated numerically. In our work, we use the
SSJ library (http://www.iro.umontreal.ca/~simardr/ssj).
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applying u(t) to the mean time on the interval, which we denote by t̄late. Hence,
we re-write Equation 4, concluding our heuristic utililty function:

ũ = p · (Dmax · umax + Dlate · u(t̄late)) − c̃ (18)

with t̄late =
1

Dlate

∫ t0

tmax

dW (x)xdx

= λW + (e
−(tmax−λW )2

2vW − e
−(t0−λW )2

2vW ) ·
√

vW

Dlate ·
√

2π
. (19)

Using this heuristic function, it is now possible to use steepest-ascent hill-
climbing as described at the beginning of this section. Through observations, we
have seen that our hill-climbing algorithm quickly converges to a good solution3.
In particular, the heuristic function ũ can be solved efficiently in quadratic time.
The bottleneck here is the calculation for Equations 15 and 16. However, after
the initial calculation, only small adjustments need to be made at each iteration
of the hill-climbing procedure, further reducing the run-time of calculating ũ. In
this case, it is bounded by the critical path problem required to obtain λW and
vW used in Equation 19, which has a run-time in O(|T | + |E|) where |T | is the
number of tasks in the workflow and |E| the number of non-transitive edges4.

Having concluded our discussion of the improved provisioning strategy, we
now describe a set of empirical experiments to evaluate our work.

4 Empirical Evaluation

To investigate the performance of our strategy and compare it to our previous
work, we conduct a set of empirical experiments using the same methodology
as described in [9]. To summarise briefly, we test our strategy by randomly
generating a set of service providers and a single workflow according to a set of
controlled variables that specify a particular environment. Then, we provision
the workflow using our strategy and simulate its execution, recording the overall
net profit achieved. This is repeated 1000 times for each environment to achieve
statistical significance (we give all results with 95% confidence intervals and carry
out ANOVA and two-sample t-tests as appropriate, both at the 99% confidence
level). Throughout all experiments, we vary the failure probability of providers
(as given by fi) to evaluate our strategy in environments with varying levels
of service unreliability, keeping all other variables constant for consistency. To
provide a benchmark, we compare our results to a näıve strategy that provisions
a single provider for each task of the workflow. This strategy represents currently
prevalent approaches that ignore any service uncertainty and thus rely only on
functional service descriptions to find any suitable provider for each task.

3 On average, around six iterations are needed per task in the workflow. During the
empirical evaluation of our algorithm (see Section 4), a solution was typically found
within 250ms (10 tasks) or 5s (50 tasks) on a 3GHz Pentium 4 with 1GB RAM.

4 We also assume that the probability density functions of service durations and ex-
pected values (e.g., μi in Equation 7) can be efficiently calculated or approximated.
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In the remainder of this section, we first test our improved strategy using the
same experimental setup as in our previous work to allow a direct comparison
(Section 4.1). Because that setup considers relatively small workflows with ho-
mogeneous tasks, we then examine a more complex scenario with heterogeneous
tasks and larger workflows in Section 4.2. Finally, in Section 4.3, we evaluate the
performance of our strategy in the presence of inaccurate information.

4.1 Small Workflows

In order to compare the improved strategy to our previous work, we first consider
the same environments as described in [9] (however, for consistency, we repeat
all experiments). Here, workflows consist of 10 tasks in a strict sequence, they
have a deadline of d = 400 time steps, a maximum utility umax = 1000 and a
penalty of δ = 10 per time step. Furthermore, there are 1000 providers able to
satisfy each task. Each provider has a cost ci = 10 and its duration distribution
is a gamma distribution with parameters k = 2 and θ = 10 (hence, the duration
distribution for each provider is Di(t) = γ(k, t/θ)Γ (k)−1).

Fig. 2(a) shows the results of our improved strategy (improved flexible), our
previous strategy (old flexible) and the näıve strategy. Clearly, the performance
of all three strategies is significantly different. Averaged over all failure probabil-
ities, the näıve strategy achieves a net profit of only 106.00 ± 5.95, and, in fact,
begins making an overall loss when the failure probability drops to 0.3 or lower.
As discussed in previous work, our old flexible strategy clearly improves on this,
yielding an average net profit of 474.91±7.77. The results also indicate that our
modified improved flexible strategy further yields a significant improvement in
overall performance with an average net profit of 515.02 ± 4.02. At all failure
probabilities from 0.1–0.7, the strategies achieve significantly different amounts
of net profit, with the improved flexible strategy outperforming all others. At
0.8 and beyond, the difference between the two flexible strategies becomes less
pronounced due to the overall low net profit, and it is no longer significant. How-
ever, they still outperform the näıve strategy. When the failure probability is 0,
all strategies perform equally well, as a single provider for each task is always
sufficient to complete the workflow in time.

To summarise, averaged over the failure probabilities discussed here, our im-
proved flexible strategy achieves a 385.87%± 8.69% improvement over the näıve
strategy, and an 8.44% ± 2.21% improvement over the old flexible strategy.

4.2 Large Workflows

To show that our strategy performs well in more complex environments, we
perform another set of experiments with workflows consisting of 50 tasks and
heterogeneous task parameters. More specifically, for each experimental run, we
first generate a workflow by randomly populating an adjacency matrix until
25% of all possible edges have been added (ignoring any that would result in a
cyclic graph). This ensures that the workflow contains a considerable number of
parallel tasks. We also assume there are 100 providers for each task, the deadline
is d = 1000, the maximum reward umax = 1000 and the penalty δ = 1.
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(a) Small workflows (10 tasks).

−100

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

A
v

er
ag

e 
N

et
 P

ro
fi

t

Failure Probability

naïve
improved flexible

old flexible

(b) Large workflows (50 tasks).

Fig. 2. Net profit of flexible strategies

In order to vary the performance characteristics of the tasks in the workflow,
we randomly assign each to one of seven different types of tasks with varying costs
(ci) and duration distributions (Di), as shown in Table 1. For every experimental
run, we also attach a failure probability to each type (to determine fi) that is
drawn from a beta distribution with parameters α = 10 ·f and β = 10−α, where
f is the average failure probability of the environment (unless f = 0 or f = 1,
in which case all tasks have the same failure probability). This adds further
variance to the tasks, while ensuring that the overall average failure probability
over all runs is close to f .

Fig. 2(b) shows similar results to those described in the previous section. When
providers are always reliable (the failure probability is 0), there is no significant
difference between the strategies. However, as soon as providers begin to fail,
the näıve strategy begins to perform poorly and make an overall loss. The two
flexible strategies achieve far better results and avoid making a loss in any en-
vironment. As before, our improved flexible strategy outperforms the old flexi-
ble strategy in most environments, except when the overall failure probability
reaches 0.9, when there is no more significant difference between them.

When averaging over all failure probabilities, the näıve strategy achieves an
average net profit of 81.53± 5.12, the old flexible achieves 470.21± 7.44 and the
improved flexible achieves 536.12 ± 7.46. This means that our improved flexible

Table 1. Service types used to test complex workflows

Type Cost Duration Mean Variance

T1 0.1 Gamma(1,0.1) 0.1 0.01

T2 0.1 Gamma(1,10) 10 100

T3 1 Gamma(5,1) 5 5

T4 1 Gamma(5,10) 50 500

T5 2 Gamma(10,1) 10 10

T6 2 Gamma(10,5) 50 250

T7 2 Gamma(100,0.1) 10 1
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(a) Underestimating fi (ǫf < 1).
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(b) Overestimating fi (ǫf > 1).

Fig. 3. Effect of incorrect failure probabilities

strategy achieves a 557.60%± 11.10% improvement over the näıve strategy and
a 14.02% ± 2.24% improvement over the old flexible strategy.

4.3 Sensitivity Analysis

In order to evaluate the performance of our strategy in the presence of inaccurate
information, we follow the same experimental setup as in Section 4.1, but now
systematically introduce errors into the information that is available to a service
consumer following the improved flexible strategy. To this end, we first evaluate
the effect of relying on inaccurate failure probabilities, and then examine the
impact of inaccurate service duration information. In both cases, we expect the
performance of our strategy to decrease as the information becomes less accu-
rate. However, because we rely on heuristic estimates, we anticipate that small
inaccuracies will have little overall impact on the performance of the strategy.

In our first set of experiments, we consider the case where the consumer
underestimates the failure probability of service providers. Hence, we multiply
the actual values for the failure probabilities fi by a scalar ǫf < 1 to provide an
inaccurate input to the improved flexible strategy. The results for various values
of ǫf are shown in Fig. 3(a). In most cases, the average net profit gained by
the strategy degrades gracefully as the performance information becomes more
inaccurate. In fact, when the (true) failure probability is low in the environment
(up to around 0.3), the strategy does well even if the information is up to 90%
inaccurate (i.e., ǫf = 0.1). However, when the failure probability rises to 0.7
and beyond, the impact of inaccurate information becomes more detrimental
to the performance of the strategy. This is particularly evident when ǫf = 0.8,
which results in a large net loss at high failure probabilities. This is because
the strategy provisions a large number of providers in parallel without detecting
that the workflow is infeasible (and thus, it loses its high investment). Perhaps
surprisingly, when information becomes even more inaccurate at high failure
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Fig. 4. Effect of incorrect failure probabilities

probabilities, the consumer begins to make smaller losses again. This is due to
the strategy provisioning less providers in parallel and therefore losing less of
its investment when the workflow eventually fails. Despite the special case when
ǫf = 0.8, the results are promising and show that small inaccuracies in the
information (up to 10%) have little or no effect on our strategy. In most other
cases, performance degrades gracefully as the information becomes less accurate.

Next, we are interested in the trends resulting from overestimating the failure
probability of service providers. Hence, we now multiply the failure probabilities
by a scalar ǫf > 1 to provide an inaccurate input to our strategy (using a failure
probability of 1 whenever fi · ǫf > 1). The results of this are shown in Fig. 3(b).
Not surprisingly, the performance of the strategy simply degrades as the per-
ceived failure probability rises. Because its behaviour is more conservative when
it overestimates the failure probability of providers (it will provision unneces-
sarily many providers), it never makes a long-term loss. These results show that
our strategy performs well, even when it significantly overestimates failure prob-
abilities. In fact, the overall performance degrades only slightly when the failure
probability is overestimated by 10% (ǫf = 1.1). Even at 20% (ǫf = 1.2), the per-
formance is extremely good, and at 50% the strategy still performs reasonably
well compared to the case with accurate information.

Apart from the failure probabilities, our strategy also relies on probability
density functions for the duration of a service execution. Because these will
most likely be based on past observations and can be subject to noise, we now
examine the effect of inaccurate information about these functions. Here, we
multiply the scale parameter θ of the underlying gamma distribution by a scalar
ǫd to yield an inaccurate duration distribution. By varying the scale parameter,
we ensure that the mean of the distribution is varied proportionally with ǫd (e.g.,
when ǫd = 0.5, the consumer estimates the mean service execution time to be
half of the true value), while the overall shape of the distribution stays the same.

Again, we first consider the case of underestimating the duration of service
providers (ǫd < 1). The results are shown in Fig. 4(a). Here, the strategy handles
an error of up to 20% (ǫd = 0.8) very well with only a marginal performance
decrease. Even when the error rises to 30% (ǫd = 0.7), the performance comes
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close to the accurate information case. However, as the information becomes even
more inaccurate, the strategy performs increasingly badly. Also, the strategy
behaves more erratically at the same time — occasionally, the average net profit
at a given level of inaccuracy increases as the failure probability rises (this is
because the strategy constantly varies the balance between parallel and serial
invocations, the latter of which is more susceptible to wrong duration estimates).

Finally, Fig. 4(b) shows the corresponding results when the consumer overes-
timates the service duration. Here, the performance again degrades slowly as the
error rises. This is because the agent allocates unnecessarily long waiting times
to the providers or provisions parallel providers when this is not needed. How-
ever, the loss in performance is clearly very small. This is because the consumer
will occasionally wait longer than required or incur extra expenditure by provi-
sioning parallel providers, but in many cases, the providers will simply complete
their services earlier than anticipated and the consumer will be able to continue
the workflow immediately and without penalty.

To conclude the sensitivity analysis, the results presented in this section show
that our strategy is robust to small and moderate inaccuracies. In all cases, it
performs well when the information provided is within 10% of the true value, and
often errors up to 20% and 30% lead to only marginal decreases in performance,
especially when the consumer is overly pessimistic (i.e., when it overestimates
the failure probability or duration of services). Overall, performance generally
degrades gracefully as larger errors are introduced into the information that
is known about providers (until they are too large to be of any value to the
consumer — e.g., as ǫd reaches 0.5).

We also identified one case where underestimating the failure probability of
providers can lead to poor performance. However, this only occurs in very specific
scenarios when providers are highly unreliable and when the error in informa-
tion is a significant 20%. Hence, our strategy may benefit from identifying these
conditions in advance, and we will consider this in future work. Nevertheless, the
overall results presented here are promising, showing that our strategy is applica-
ble even in environments where completely accurate performance information is
unavailable (as will be typical in any large dynamic multi-agent system).

5 Conclusions

In this paper, we have extended our previous work by taking into considera-
tion the variance of service duration times. This is important to consider when
predicting the overall completion time of a workflow, and in empirical experi-
ments, we have shown that our new strategy performs significantly better than
our previous work. We have also given more extensive results in a variety of set-
tings and shown that our strategy copes well in environments where performance
information is not accurate.

Considering these results, our work is highly applicable in realistic scenarios,
where software agents autonomously execute large workflows in service-oriented
systems. Examples of such scenarios include: the Grid domain, where expen-
sive and time-intensive data processing services are often required as part of
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complex workflows; peer-to-peer systems, where a vast amount of cheap, but
usually unreliable providers offer their services; and e-commerce applications,
where the consumers often face highly valued workflows with strict deadlines
(e.g., extensive supply-chains or large commercial projects).

In future work, we will extend our strategy to handle more advanced negotia-
tion mechanisms rather than the fixed price model we use at the moment. Such
mechanisms have been widely used in the context of multi-agent systems, and
are now increasingly being employed in service-oriented systems to allow con-
sumers and providers to reach service-level agreements prior to invocation. We
also plan to improve the adaptivity of our strategy, utilising information about
workflow progress to dynamically alter the provisioning of services.

Acknowledgements. This work was funded by the Engineering and Physical
Sciences Research Council (EPSRC) and a BAE Systems studentship.
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Using Goals for Flexible Service Orchestration

A First Step⋆
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Abstract. This paper contributes to a line of research that aims to ap-
ply agent-oriented techniques in the field of service-oriented computing.
In particular, we propose to use goal-oriented techniques from the field
of cognitive agent programming for service orchestration. The advantage
of using an explicit representation of goals in programming languages
is the flexibility in handling failure that goals provide. Moreover, goals
have a close correspondence with declarative descriptions as used in the
context of semantic web services. This paper now presents first steps to-
wards the definition of a goal-based orchestration language that makes
use of semantic matchmaking. The orchestration language we propose
and its semantics are formally defined and analyzed, using operational
semantics.

1 Introduction

This paper contributes to a line of research that aims to apply agent-oriented
techniques in the field of service-oriented computing. Services are generally de-
fined as autonomous, platform-independent computational entities that can be
described, published, and discovered. An important concern in service-oriented
computing is how services can be composed in order to solve more complex tasks.
One way to go about this, is to use a so-called orchestration language such as
WS-BPEL [10] or Orc [7], by means of which one can specify an executable pat-
tern of service invocations. Another important issue in the context of services is
dealing with failure [14,6]. Especially when services are discovered at run-time,
one needs to take into account that a service might not do exactly what one had
asked for, or that a particular orchestration does not yield the desired result.

We argue that the agent community has something to offer to the services
community, as agents are meant to be capable of flexible action in dynamic en-
vironments. Being capable of flexible action means that the agent should be able
to cope with failure, and should respond adequately to changed circumstances.
The idea is now that using agent-oriented techniques in orchestration languages
could potentially yield more adaptive and flexible orchestrations.

In this paper, we focus in particular on the usage of (declarative) goals as is
common in agent programming (see, e.g., [22,5,20]), for flexible service orches-
tration. Goals as used in agent programming describe situations that the agent
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wants to reach. The use of an explicit representation of goals in a programming
language provides for added flexibility when it comes to failure handling, as the
fact that a goal represents a desired state, can be used to check whether some
plan for achieving a goal has failed. This is then combined with a mechanism for
specifying which plan may be used for achieving a certain goal in certain circum-
stances, which also allows for the specification of multiple plans for achieving a
certain goal.

When considering the application of goal-oriented techniques to services, es-
pecially semantic web services seem to have a natural relation with goals. The
idea of semantic web services is to endow web services with a declarative de-
scription of what the service has to offer, i.e., a declarative description of the
semantics of the service. This then allows semantic matchmaking [16] between
the declarative description of a service being sought, which in our case would
correspond with a goal of an agent, and a description of the service being of-
fered. In fact, the WSMO framework for web service discovery refers explicitly
to semantic matching between goals and web services [19].

This paper now describes first steps towards the design of a goal-based orches-
tration language that makes use of semantic matchmaking, building on research
on goal-oriented agent programming, orchestration, and semantic web services.
This orchestration language and its semantics are formally defined and analyzed.
The orchestration language and the description of services are based on proposi-
tional logic. Being a first step towards combining cognitive agent programming
languages and orchestration languages, the relative simplicity of propositional
logic allows us to focus on the essential aspects of an agent-based orchestration
language.

Proposals for combining agent-oriented and service-oriented approaches are
appearing increasingly often in the literature. In the CooWS platform [4], for
example, an agent-based approach to procedural learning is used in the context
of web services. Other approaches focus on communication protocols [13,2]. The
relation between goals as used in agent programming and semantic web services
has also been pointed out in [9], in which an architecture is described that focuses
on the translation of high-level user goals to lower-level goals that can be related
to semantic service descriptions.

To the best of our knowledge, however, this is the first proposal for a formally
defined language for goal-based orchestration. Flexibility in handling failure is
an issue that is well-recognized in service composition, and it is exactly this
flexibility that goal-based techniques can provide to orchestration languages.
The main technical contribution of this paper is that we provide a clean and
formally defined way of combining service-oriented and agent-oriented models of
computation.

2 Syntax

In this section, we describe the syntax and informal semantics of our goal-
oriented orchestration language. The way we go about combining goal-oriented
techniques and orchestration languages, is that we take (a family of) cognitive
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agent programming languages as a basis, and incorporate into these constructs
for service orchestration. The family of agent programming languages on which
we build are variants of the language 3APL as also reported in [20], and we more-
over draw inspiration from the language AgentSpeak(L) [18]. The orchestration
language that we take as a basis is the language Orc [7].

In (goal-oriented) agent programming languages, agents generally have a belief
base, representing what the agent believes to be the case in the world, and a goal
base, representing the top-level goals of the agent. Agents execute plans in order
to achieve their goals. These plans, broadly speaking, consist of actions that the
agent can execute, and so-called subgoals. In order to achieve these subgoals, an
agent needs to select plans, just like it selects plans to achieve its top-level goals.
Selecting plans for (sub)goals is done by means of so-called plan selection rules
that tell the agent which plan they may use for achieving which goal, given a
certain state of the world.

The general idea of our goal-oriented orchestration language now is that an
agent may use not only actions that it can execute itself for achieving its goals,
but it can also call services. We thus extend the language of plans with a con-
struct for calling services. These services may be called directly using the service
name, or may be discovered, based on the goal that the agent wants to achieve.
One of the main technical issues that arises when modifying an agent program-
ming language in this way, is that it has to be determined how to handle the
results that are returned by services in a way that is in line with the (goal-
oriented) model of computation of agent programming languages. This will be
explained in more detail in the sequel.

In order to illustrate our approach, we use a very simple example scenario
that is adapted from [23]. In the car repair scenario, the car’s diagnostic system
reports a failure so that the car is no longer drivable. Depending on the problem,
the car may be repaired on the spot, or it might have to be towed to a garage.
The car’s discovery system then calls a repair service in order to try to repair the
car on the spot. Alternatively, it may identify and contact garages and towing
truck services in the car’s vicinity in order to get the car towed to a garage.

In Section 2.1, we define how services are described, and in Section 2.2 we
define the syntax of the orchestration language.

2.1 Service Descriptions

The way we describe services is based on the Ontology Web Language for Ser-
vices (OWL-S) [12] which seeks to provide the building blocks for encoding rich
semantic service descriptions. In particular, we focus on the description of func-
tional properties of services. According to OWL-S, these can be described in
terms of inputs, outputs, preconditions, and effects (so-called IOPEs). The idea
is that a service is “a process which requires inputs, and some precondition to
be valid, and it results in outputs and some effects to become true” [12].

The inputs description specifies what kind of inputs the service accepts from
a caller, and the outputs description specifies what the service may return to
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the caller. Preconditions are conditions on the state of the world, which need to
hold in order for the service to be able to execute successfully. Effects describe
what the service can bring about in the world, i.e., the effects description is like
a description of post-conditions.

In this paper, the inputs description is a set of atoms. The set of atoms rep-
resents what kind of formulas the service is able to handle (similar to a type
specification). The outputs description is a set of propositional formulas or the
special atom failure. Informally, the idea is that the formulas in the outputs
description represent alternative possible outputs, where the actual output may
also be a combination of these alternatives (see Definition 9 for a precise speci-
fication). The effects are described in a similar way.

Below, we formally define service descriptions. A service description has a
name, and inputs, outputs, preconditions, and effects. The name of the service
may not be the reserved name d. The name d is used to express in plans that a
service should be discovered.

Definition 1 (service description) . Throughout this paper we assume a lan-
guage of propositional logic L with typical element φ that is based on a set of
atoms Atom, where ⊤, ⊥ ∈ Atom and failure �∈ Atom. Moreover, we define a
language Lo = L ∪ {failure} for describing the output of services. We use φ not
only to denote elements of L, but also of Lo, but if the latter is meant, this will
be indicated explicitly. Let Nsn with typical element sn be a set of service names
such that d �∈ Nsn.

The set of service descriptions S with typical element sd is then defined as
follows:

{〈sn, in, out, prec, eff〉 | in ⊆ Atom, out ⊆ Lo, failure ∈ out, prec ∈ L and eff ⊆ L}.

An example from the car repair scenario of a service description is the service
that gives information on when it would be possible to make a garage appoint-
ment (with some particular garage). In this simple example, the input of this
garageAppInfo service is {possAppGarageMonday, . . . ,possAppGarageFriday},
representing that it can accept information requests regarding whether it would
be possible to have an appointment on Monday (possAppGarageMonday), Tues-
day, etc. The output is the same as the input, with the addition of failure and
with the addition of the negations of the atoms in the input, representing that
it can provide information on possibilities for making an appointment. The idea
is that on an input of, e.g., possAppGarageMonday, returns either this formula
itself or the negation, depending on whether it is possible to make a garage
appointment on Monday. Both the preconditions and effects of the service are
empty (i.e., ⊤), expressing that the service does not make any changes in the
world.

In order to provide some more guidance and intuition to the use of service
descriptions, we refine the above definition such that two kinds of services can
be described: information providing services and world altering services [15].
Intuitively, information providing services such as flight information providers
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give information on something that is the case in the world, and world altering
services such as flight booking services can make changes in the world.

In the context of this paper, we define information providing services as ser-
vices that have no effect, and for each formula appearing in the output descrip-
tion, the negation of this formula should also be in the output description. The
idea here is that the service should be able to provide information on each for-
mula in the output description, meaning that it should be able to tell for each
formula φ in the output description whether this formula holds in the world. The
service should thus be able to return on an input φ, either φ or ¬φ, depending
on whether φ holds or does not hold, respectively, and therefore both φ and ¬φ
should appear in the output description.

World altering services are here defined as services for which the output de-
scription is equal to the effects description. The idea is that a world altering
service should be able to return the effect of its execution to its caller. As will be
explained in more detail in Section 3.1, in order to make full use of goal-based
orchestration, it is important that a service returns what it has done. The two
kinds of services are defined formally below.

Definition 2 (information providing and world altering services) . Let
〈sn, in, out, prec, eff〉 be a service description. This service description is an in-
formation providing service iff eff ≡ ⊤ and for each φ �= failure ∈ out, there is
a φ′ ∈ out such that φ′ ≡ ¬φ. The service description is a world altering service
iff out \ {failure} ≡ eff, i.e., if φ ∈ out \ {failure}, then ∃φ′ ∈ eff : φ′ ≡ φ, and
vice versa.

A typical example of an information providing service is the garageAppInfo ser-
vice that was mentioned above. The corresponding world altering service for ac-
tually making garage appointments, i.e., the garageAppMaker service, takes as
input {appGarageMonday, . . . , appGarageFriday}, representing that it accepts
request for making appointments on Monday, Tuesday, etc. The output descrip-
tion is the same as the input description, with the addition of failure , and the
effect description is the output description without failure (which is in this case
equal to the input description), in accordance with the definition of a world
altering service. The idea is that the service receives as input, e.g., appGarage-
Monday, expressing a request for making a garage appointment on Monday.
Assuming that this is possible, the world is changed in such a way that the ap-
pointment is actually made, and the appointment itself is returned, to let the
requester know that it has made the appointment.

In this paper, we assume that a service description describes either an in-
formation providing service, or a world altering service. In principle, one could
imagine that there are services that are both information providing and world
altering. However, we think that distinguishing these two kinds of services pro-
vides a conceptually clear guidance for how service descriptions can be used.
Moreover, the two kinds of services fit well with the two kinds of goals that we
consider here, i.e., test goals and achievement goals (see Section 2.2).
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2.2 Orchestration Language

In this section, we describe the agent-based orchestration language. An agent
has a belief base and a goal base. In [20], the belief base is generally a set of
propositional formulas. Here, the belief base, typically denoted by σ, is a pair
(σa, σb) of sets of propositional formulas that are mutually consistent. The idea
is that σb forms the background knowledge of the agent, which does not change
during execution. The set σa forms the actual beliefs, which are modified during
execution. The sets σa and σb correspond loosely with the A-Box and T-Box
of description logics, respectively. The reason that we make this distinction is
explained in Section 3.2.

The goals of the agent can be of two kinds, i.e., a goal is either an achieve-
ment goal or a test goal. An achievement goal !φ, where φ is a propositional
formula, represents that the agent wants to achieve a situation in which φ holds.
A test goal ?φ represents that the agent wants to know whether φ holds.1 The
idea is that test goals are to be fulfilled by information providing services, and
achievement goals may be fulfilled by world altering services. Belief bases and
goal bases are defined formally below.

Definition 3 (belief base and goal base). The set of belief bases Σ with typical
element σ is defined as {(σa, σb) | σa, σb ⊆ L, σa ∪σb �|= ⊥}. The set of goals LG

with typical element κ is defined as {?φ, !φ | φ ∈ L}. A goal base γ is a subset
of LG, i.e., γ ⊆ LG.

In the car repair scenario, the initial goal base contains !carRepaired, representing
that the agent has the goal of getting the car repaired. The part of the initial
belief base with actual beliefs contains repOnSpot, representing that initially it
is assumed that the car is repairable on the spot, and the background knowledge
consists of {appGarageMonday → appGarage, . . .}, expressing that if the agent
has a garage appointment on Monday etc., it has a garage appointment.

Following agent terminology, an expression in our orchestration language is
called a plan. Broadly speaking, a plan consists of actions which change the
belief base of the agent, of subgoals that are to be achieved by selecting a more
concrete plan, and of service calls, the results of which may be passed along and
which may be stored in the belief base.

A service call has the form snr(φ, κ), where sn is the name of the service that
is to be called, κ represents the goal that is to be achieved through calling the
service, and φ represents additional information that forms input to the service.
The parameter r is called the revision parameter. This revision parameter can
be either np or p, where np stands for non-persistent (meaning that the result
of the service call is not stored), and p stands for persistent (meaning that the
result is stored in the belief base). We thus provide the programmer with the
possibility to specify what to do with the result of service calls. Typically, the
results of world altering service calls will be stored in the belief base, together
with results of information providing services that are likely to be needed at a
later stage.

1 The syntax of representing achievement goals and test goals is taken from [18].
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The service name sn of an annotated service call may be either from the set
of service names Nsn, or it may be the reserved name d. If a name sn ∈ Nsn is
used in a service call, we say that this is a service call by name2, i.e., the service
with name sn should be called. Usage of the name d in a service call represents
a service call by discovery, i.e., a service should be discovered that matches the
goal with which the service is called.

Sequential composition of actions and service calls is done by means of the
construct b >x> π, where b is an action, a subgoal, or a service call. The result
returned from b is bound to the variable x, which may be used in the remaining
plan π. This construct for sequential composition is inspired by a similar con-
struct in the orchestration language Orc [7]. Note that the result of a service call
can thus be used in the remaining plan, even though it is not stored in the belief
base.

Definition 4 (plan). Assume that a set BasicAction with typical element a, and
a set of variable names Var with typical element x are given. Let N+

sn be defined
as Nsn ∪ {d}.3 Let sn ∈ N+

sn, r ∈ {np, p}, φ ∈ L and κ ∈ LG. Then the set of
plans Plan with typical element π is defined as follows, where b stands for basic
plan element.

b ::= a | κ | snr(φ, κ)
π ::= b | b >x> π

As in Orc, a plan of the form b ≫ π is used to abbreviate a plan b >x> π where
x does not occur in π. This may be used in particular in case b is a basic action,
as the execution of an action only modifies the belief base and does not return
a result. Extending the syntax of plans with more involved constructs, such as
constructs for programming parallelism, is left for future research.

An example of a plan in the car repair scenario is (where we abbreviate “Mon-
day” with “M”, etc., and if the information parameter of a service call is not
shown, this should be interpreted as being ⊤):

dnp(?(possAppGarageM ∨ . . . ∨ possAppGarageF)) >poss>

chooseAppnp(poss, ?(appGarageM ∨ . . . ∨ appGarageF)) >app> dp(!app). (1)

This plan intuitively represents that a service should be discovered that pro-
vides information on when a garage appointment would be possible, e.g., on
Monday and on Tuesday. In our example, the service to be discovered would
be the garageAppInfo service, as described in Section 2.1. The idea is that one
does not know beforehand where a car breakdown will occur, and therefore the
orchestration expresses that a service for making garage appointments should
be discovered. The result of the service is passed to a service that chooses an

2 Note that usage of the term call by name here is not related to the distinction
between call by name and call by value in programming language research.

3 We use sn as typical element of Nsn and of N+
sn. It will generally be clear from the

context which is meant, and otherwise it will be indicated explicitly.
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appointment from possible appointments.4 The result of the chooseApp service,
e.g., appGarageMonday, is passed to a service for making garage appointments,
which needs to be discovered.5 The intermediate results of the first two service
calls are passed along and not stored anywhere, and the result of the service that
actually makes the appointment is stored.

Plans are executed in order to achieve the agent’s goals. The specification of
which plan may be executed in order to achieve a certain goal is done by means
of plan selection rules [20]. A plan selection rule κ | β ⇒ π intuitively represents
that if the agent has the goal κ and believes β to be the case, it may execute
the plan π.

Definition 5 (plan selection rules). The set of plan selection rules RPS is defined
as {κ | β ⇒ π : κ ∈ LG, β ∈ L, π ∈ Plan}6.

Plan selection rules can be applied to an agent’s top-level goals in the goal base,
but also to (the goals of) service calls in a plan that is currently executing (if
the service call has not yielded a satisfactory result). Our example agent has
two plan selection rules that specify how the goal of getting the car repaired can
be reached. The first rule, which we omit here, specifies that a road assistance
company can be called if the car is believed to be repairable on the spot. As we
assume initially that the agent beliefs the car to be repairable on the spot, this
rule is applied first. If it turns our that the car is after all not repairable on the
spot, then the second rule can be applied:

!carRepaired | ¬repOnSpot ⇒

!appGarage ≫ dp(!appTowTruck) ≫ monitorp(?carRepaired). (2)

This rule says that if the agent has the goal of getting his car repaired and he
believes it is not possible to repair the car on the spot, it should make a garage
appointment and a tow truck appointment, and then it should check whether
the car is actually repaired. In order to achieve the goal of having a garage
appointment, the agent can apply the plan selection rule !appGarage | ⊤ ⇒ π,
where π is the plan from (1).

The mechanism of applying plan selection rules is formalized using the notion
of a stack. This stack can be compared with the stack resulting from procedure
calls in procedural programming, or method calls in object-oriented program-
ming, and a similar mechanism was also used in [21]. During execution of the
agent, a single stack is built. Each element of the stack represents, broadly

4 We assume that the chooseApp service returns just one possible appointment from
the possible appointments.

5 Presumably, this should be a service of the same garage as the discovered service
for providing information on possible appointments. Extending the orchestration
language with a linguistic mechanism for expressing this (using service variables), is
left for future research.

6 We use the notation {. . . : . . .} instead of {. . . | . . .} to define sets, to prevent
confusing usage of the symbol | in this definition.
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speaking, the application of plan selection rules to a particular (sub)goal. To
be more specific, each element of the stack is of the form (π, κ, PS), where κ is
the (sub)goal to which the plan selection rule has been applied, π is the plan
currently being executed in order to achieve κ, and PS is the set of plan selection
rules that have not yet been tried in order to achieve κ.

Definition 6 (stack). The set of stacks Stack with typical element St to denote
arbitrary stacks, and st to denote single elements of a stack, is defined as follows,
where π ∈ Plan, κ ∈ LG, and PS ⊆ RPS.

st ::= (π, κ, PS)
St ::= st | st.St

E is used to denote the empty stack (or the empty stack element), and E.St is
identified with St.

We are now in a position to give a definition of an agent. An agent has a be-
lief base, a goal base, a stack, a set of plan selection rules, and a belief update
function. The belief update function is introduced as usual [20] for technical con-
venience, and is used to define the semantics of action execution. We introduce
a constraint on agents that expresses that any goal that is used should be con-
sistent with the background knowledge of the belief base. Note that according
to this definition, in particular goals ?⊤, ?⊥, and !⊥ are not allowed.

Definition 7 (agent) . An agent A is a tuple 〈σ, γ, St, PS, T 〉 where σ ∈ Σ is
the belief base, γ ⊆ LG is the goal base, St ∈ Stack is the current plan stack
of the agent, PS ⊆ RPS is a finite set of plan selection rules, and T is a partial
function of type (BasicAction×Σ) → Σ and specifies the belief update resulting
from the execution of basic actions.

Further, agents should satisfy the following constraint. Let σ = (σa, σb). It
should then be the case that for any goal ·φ, where “·” stands for ? or !, occurring
in a goal in γ or in a service call in one of the plans of PS, σb �|= ¬φ. For any
goal ?φ it should also be the case that σb �|= φ. Initially, the plan stack of the
agent is empty.

3 Semantics

In this section, we define the semantics of the orchestration language. The defini-
tion is split into two parts. First, we define the semantics of service calls (Section
3.1), and then we define the semantics of the orchestration language as a whole,
making use of the semantics of service calls (Section 3.2).

3.1 Service Calls

In defining the semantics of service calls, we have to define two things. First, we
need a definition of when a service matches a service call. Second, we need to
specify what a service may return, if it is called.
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Although it is not the purpose of this paper to define advanced matching
algorithms, we do provide one possible definition of matching. The reason for
this is that in this goal-oriented context, the definition of a match depends on
the (kind of) goal with which a service is called. We think it is important to
identify how the use of goals influences the definition of a match, in order to be
able to identify at a later stage which existing matching algorithms can be used
in a goal-oriented setting, or how they might have to be adapted.

When matching a service to a goal, the idea is that a test goal is matched to
an information providing service, and an achievement goal is matched to a world
altering service. That is, for a test goal it is important to match the goal against
the output description, and for an achievement goal the goal is matched to the
effect description. The matching definition below corresponds loosely with what
is called plug-in matching in [11].

This approach to matching is based on the idea that a service should provide at
least the information that is asked for, or do at least what is desired. Formally,
a service description sd matches a service call sn(φ, ?φ′) if φ and φ′ do not
contain atoms that are not in the inputs description of sd. Moreover, what
the agent believes to be the case should not contradict with the preconditions
description of sd. The idea here is that the agent may not always be able to
check whether the precondition of a service holds, but it should at least not have
explicit information that the precondition does not hold. Finally, there should be
a consistent subset of the outputs description (for test goals) or effects description
(for achievement goals) from which the goal of the service call follows. Intuitively,
this represents that the service is able to provide at least the information that
is asked for, or is able to do at least what is desired, respectively.

Definition 8 (matching a service to a goal). In the following, we define σ |= φ
where σ = (σa, σb) as σa ∪ σb |= φ, where |= is the standard entailment relation
of propositional logic. Assume a function atoms : L → ℘(Atom) that takes
a formula from L and yields the set of atoms that occur in the formula. Let
sd = 〈sn′, in, out, prec, eff〉 be a service description. Then the matching predicate
match(sn(φ, κ), σ, sd), which takes a service call sn(φ, κ), a belief base σ, and a
service description sd, is defined as follows if sn �= d.

match(sn(φ, ?φ′), σ, sd) ⇔ sd is information providing and sn = sn′ and
atoms(φ), atoms(φ′) ⊆ in and σ �|= ¬prec and
∃out′ ⊆ out : out′ �|= ⊥ and out′ |= φ′

match(sn(φ, !φ′), σ, sd) ⇔ sd is world altering and sn = sn′ and
atoms(φ), atoms(φ′) ⊆ in and σ �|= ¬prec and
∃eff′ ⊆ eff : eff′ �|= ⊥ and eff′ |= φ′

If sn = d, then the same definition applies, but the requirement that sn = sn′

is dropped.

Note that one needs to define a match by specifying that a goal is a logical conse-
quence of a consistent subset, rather than as a logical consequence of the outputs
or effects description as a whole, as these descriptions may be inconsistent. This
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definition is inspired by the so-called consistent subset semantics as proposed in
[20, Chapter 4] for defining semantics of goals in case these goals may be incon-
sistent. Also, note that a service call by name has the additional restriction that
the name of the service call should match the name of the service description,
meaning that a service call by name is more restrictive than a service call by
discovery. Further, if a service is able to provide information on φ, it can also
provide information on ¬φ, as expressed by the following proposition.

Proposition 1

∃out′ ⊆ out : out′ �|= ⊥ and out′ |= φ′ ⇒ ∃out′ ⊆ out : out′ �|= ⊥ and out′ |= ¬φ′

The semantics of service execution is defined using a predicate ret(sd, φ), which
specifies that φ may be returned by the service corresponding with service de-
scription sd. The idea is that what is returned by a service should be compatible
with its output description. If the predicate ret(sd, φ) is true, this represents that
φ may be returned by a service that has service description sd. It is important
to have a specification of what may be returned by the service, as we will need
it in the semantics of the orchestration language to determine whether the goal
of a service call is reached.

Definition 9 (semantics of service execution). Let sd = 〈sn, in, out, prec, eff〉 be
a service description. The predicate ret is then defined as follows.

ret(sd, φ) ⇔ φ ≡ failure or
∃out′ ⊆ out \ {failure} : (out′ �|= ⊥ and

∧
φo∈out′

φo ≡ φ)

3.2 Orchestration Language

The semantics of the orchestration language is defined by means of a transition
system [17]. A transition system for a programming language consists of a set of
axioms and transition rules for deriving transitions for this language. A transition
is a transformation of one configuration (or agent in this case) into another and
it corresponds to a single computation step.

For reasons of presentation, we will in the following omit the set of plan
selection rules PS and the function T from the specification of an agent, as these
do not change during computation. In the transition rules below, we will refer
to the set of plan selection rules of the agent with PSA. Further, we assume the
agent has access to a finite set of service descriptions SA. Finally, we sometimes
omit the revision parameter r from service calls, if this parameter is not relevant
there.

The first transition rule specifies how a transition for a composed stack can
be derived, given a transition for a single stack element. It specifies that only
the top element of a stack can be transformed or executed.7

7 We omit a rule that specifies that the two topmost stack elements may be modified
at the same time.
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Definition 10 (stack execution). Let st �= E.

〈σ, γ, st〉 → 〈σ′, γ′, st′〉

〈σ, γ, st.St〉 → 〈σ′, γ′, st′.St〉

Before we continue with the definition of transition rules, we need to define when
a goal is achieved, and when a plan selection rule can be applied to a goal. The
definition of when a goal is achieved differs for test goals and achievement goals.
A test goal is evaluated against the result of a service call, i.e., the belief base is
not taken into account. The idea is that a test goal is used if the agent wants to
obtain or to check a piece of information, regardless of whether it already believes
something about this piece of information. The achievement of an achievement
goal, on the other hand, is determined on the basis of the belief base, together
with the result of a service call.

We specify what it means to take a belief base together with a result of service
execution, using a belief revision function. For examples on how such a function
is defined, see, e.g., [1] which shows how a belief revision mechanism can be
incorporated into the agent programming language AgentSpeak(L). Below, we
only specify the constraints that such a belief revision function should satisfy.
That is, if a belief base (σa, σb) is updated with a result x, only σa should be
updated. The function is not defined if x is inconsistent with the background
knowledge.

Definition 11 (belief revision function). In the following, we assume a partial
belief revision function brev : (℘(L) × ℘(L)) → (L → ℘(L)). The function
brev((σa, σb), x) is defined iff σb �|= ¬x, and if it is defined, it should satisfy the
following constraints on behavior: brev((σa, σb), x) = (σ′

a, σb) where σ′
a |= x and

σ′
a ∪ σb �|= ⊥; if σ |= x, then brev(σ, x) = σ.

In agent programming frameworks, the achievement of achievement goals is de-
termined on the belief base, as this is the only component representing the
current situation. In this context where we have service calls that return results,
not all results are stored in the belief base. Therefore, we also take into account
the result of the relevant service call when evaluating whether a goal is achieved.
In fact, the evaluation of a test goal should be performed only on the result of a
service call, as we disregard whether the agent already believes something about
the test goal.

This is reflected in the semantics of goal achievement as defined formally
below, in which we specify when a predicate ach(κ, σ, x) holds, representing that
the goal κ is achieved with respect to the result of a service call x and belief
base σ. To be more specific, a test goal ?φ holds if the result of the service call
expresses that either φ or ¬φ hold. An achievement goal !φ holds if φ follows
from the belief base that would result from updating the old belief base with the
service result.

Definition 12 (semantics of goal achievement). The semantics of goal achieve-
ment is defined as a predicate ach(κ, σ, x) that takes a goal κ, a belief base σ,
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and a propositional formula x ∈ L that represents the result against which κ
should be checked.

ach(?φ, σ, x) ⇔ brev(σ, x) = σ′ and (x |= φ or x |= ¬φ) and x �= failure
ach(!φ, σ, x) ⇔ brev(σ, x) = σ′ and σ′ |= φ and x �= failure

Although test goal achievement is defined in principle only on the result of
the service call x, we use the belief base to check that x is consistent with
the background knowledge. We thus have by definition that a goal cannot be
achieved with respect to a result of a service call, if this result is inconsistent
with the background knowledge (in that case brev would be undefined for this
result).

A plan selection rule ρ of the form κ′ | β ⇒ π is applicable to a goal κ given
a belief base σ, if κ′ matches κ, β holds according to σ, and κ′ is not achieved.
The kind of matching we use is one that could be called partial matching. Here,
a rule with head κ′ is applicable to a goal κ if κ′ “follows from” κ. That is, a rule
with, e.g., head !p, could match a goal !(p∧q). This kind of semantics is generally
used for these rules in agent programming [20], as the goal decomposition for
which it allows has practical advantages.

Definition 13 (applicability of plan selection rule) . We define a predicate
applicable(ρ, κ, σ) that takes a plan selection rule ρ, a goal κ, and a belief base
σ as follows, where “·” stands for ? or !.

applicable(· φ′ | β ⇒ π, · φ, σ) ⇔ φ |= φ′ and σ |= β and ¬ach(· φ′, σ, ⊤)

In order to start execution and create a first stack element, the agent applies
a plan selection rule to a goal in the goal base. However, we leave out the
corresponding transition rule for reasons of space.

When an agent encounters a service call construct during execution of a plan,
it tries to call matching services until there are no more matching services, or
the goal of the service call is reached. In order to keep track of which services
have been called, we annotate the service call construct (initially) with the set
of services that are available. For an achievement goal, the agent only tries to
call services if the goal is not already reached. For a test goal, the agent always
tries to call a service, no matter whether it already believes the test goal to hold.
The service call is then used to check whether the information of the agent is
correct. We omit the rule for test goals for reasons of space. From this set of
services, a matching service is selected non-deterministically. The result of the
execution of the selected service is also stored in the annotation with the service
call construct, as this is used in other transition rules (Definitions 16 and 22) to
check whether the goal of the service call is reached. For reasons of presentation,
we omit here and in the sequel rules for dealing with service calls and actions
that form the last element of a plan.

Definition 14 (calling services)

¬ach(!φ′, σ, ⊤)

〈σ, γ, (sn(φ, !φ′) >x> π, κ,PS)〉 → 〈σ, γ, (sn(φ, !φ′)[SA, ⊤] >x> π, κ,PS)〉
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¬ach(κ, σ, xo) sd ∈ S match(sn(φ, κ), σ, sd) ret(sd, xn)

〈σ, γ, (sn(φ, κ)[S, xo] >x> π, κ′, PS)〉 →
〈σ, γ, (sn(φ, κ)[S \ {sd}, xn] >x> π, κ′, PS)〉

Note that the second transition rule selects a matching service if the goal of the
service call is not reached. This provides a way of dealing with failure of services,
as another service is tried if a former service call did not have the desired result.
This is easily specified in our semantics, as we use an explicit representation of
goals.

In the following, we use a revision function that takes a revision parameter r,
a belief base σ and a result of a service call x, and updates σ with x, depending
on r.

Definition 15 (revision function). The revision function rev is defined as fol-
lows: rev(np, σ, x) = σ and rev(p, σ, x) = brev(σ, x).

The next transition rule specifies what happens if the goal of a service call is
reached after calling a service, and the goal of the stack element is not yet
reached. If this is the case, the belief base is updated according to the revision
parameter, and all occurrences of the parameter x of the sequential composition
in the rest of the plan π are replaced by the result of the service call x′, i.e., the
result of the service call is passed along. Moreover, all goals in the goal base that
are believed to be reached after the revision resulting from the service call are
removed.

Definition 16 (goal of service call achieved after service execution)

¬ach(κ′, σ, x′) ach(κ, σ, x′) rev(r, σ, x′) = σ′ γ′ = γ \ {κ | ach(κ, σ, x′)}

〈σ, γ, (snr(φ, κ)[S, x′] >x> π, κ′, PS)〉 → 〈σ′, γ′, ([x′/x]π, κ′, PS)〉

It might also be possible that a subgoal or the goal of a service call is already
reached before a service is called (only in case of an achievement goal). The
question is, what should be passed along in this case. One possibility would
be to pass along the goal itself. However, this yields unintuitive results in case
the background knowledge is used to derive the goal. In the car repair sce-
nario, the subgoal !appGarage can be achieved by applying a plan selection rule
!appGarage | ⊤ ⇒ π, where π is the plan from (1). The goal !appGarage can be
achieved through the service call dp(!app), which is matched to the garageApp-
Maker service. This service might return, e.g., appGarageMonday. Taking the
background knowledge of the agent, we can then derive !appGarage, making this
goal achieved.

The idea now is, that we want to pass along appGarageMonday, rather than
appGarage, as the first is the concrete realization of the second higher level
goal. This is achieved by passing along only the σa part of the belief base that
“contributes” to the goal being reached. That is, background knowledge is not
passed along. The part of σa that should be passed along, is what we call the
base, and this is defined formally below.
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Definition 17 (base) . The predicate base(σ, φ, x) takes a belief base σ, a for-
mula φ where σ |= φ, and a formula x representing the base of φ in σ. Let
σ = (σa, σb), and let σ′

a ⊆ σa such that (σ′
a, σb) |= φ and for any σ′′

a such
that σ′′

a ⊂ σ′
a, we have (σ′′

a , σb) �|= φ. The predicate is then defined as follows:
base((σa, σb), φ, x) ⇔ x =

∧
φ′∈σ′

a
φ′.

The idea of the base is thus to extract the concrete realization of a goal, rather
than the higher level abstract goal. In description logic, a concrete realization
might correspond with an instance, where the higher level goal could be repre-
sented using a concept. The transition rule below specifies the case where the
goal is reached before a service is called. Is similar rule is used for subgoals, but
we omit it for reasons of space.

Definition 18 (goal of service call achieved before services are called)

¬ach(κ′, σ, ⊤) ach(!φ′, σ, ⊤) base(σ, φ′, x′)

〈σ, γ, (sn(φ, !φ′) >x> π, κ′, PS)〉 → 〈σ, γ, ([x′/x]π, κ′, PS)〉

If a subgoal is not achieved, a plan selection rule may be applied to the subgoal.
The application of a plan selection rule to a (sub)goal is the only way in which
a new stack element can be created.

Definition 19 (apply rule to create stack element). Below, PS′ = PSA \ {κ′ |
β ⇒ π}.

¬ach(κ′′, σ, ⊤) κ′ | β ⇒ π ∈ PSA applicable(κ′ | β ⇒ π, κ, σ)

〈σ, γ, (κ >x> π′, κ′′, PS)〉 → 〈σ, γ, (π, κ, PS′).(κ >x> π′, κ′′, PS)〉

If the plan of a stack element is empty, a plan selection rule may be applied in
order to select another plan to try to reach the goal of the stack element. Note
that if a plan selection rule is applied to the goal of a stack element, this does
not lead to the creation of a new stack element.

Definition 20 (apply rule within stack element). Below, PS′ = PS \ {κ′ | β ⇒
π}.

κ′ | β ⇒ π ∈ PS applicable(κ′ | β ⇒ π, κ, σ)

〈σ, γ, (ǫ, κ, PS)〉 → 〈σ, γ, (π, κ, PS′)〉

Popping a stack element is done in two cases: the goal of the stack element
is reached, or the goal is not reached and there are no more applicable rules.
The goal of a stack element may be reached after a service call, or after action
execution. In the first case, the result of the relevant service call is passed to
the stack element just below the top element. In the second case, a result to be
passed is obtained from the belief base using the base predicate (Definition 17).

Definition 21 (popping a stack element: goal of stack element reached or un-
reachable)

ach(κ1, σ, x) rev(r, σ, x) = σ′ γ′ = γ \ {κ | ach(κ, σ′, ⊤)}

〈σ, γ, (snr
1(φ1, κ3)[S, x] >x1> π1, κ1, PS1).(κ1 >x2> π2, κ2, PS2)〉 →

〈σ′, γ′, ([x/x2]π2, κ2, PS2)〉
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T (σ, a) = σ′ ach(!φ′, σ′, ⊤) base(σ′, !φ′, x′) γ′ = γ \ {κ | ach(κ, σ′, ⊤)}

〈σ, γ, (a ≫ π′, !φ′, PS′).(!φ′ >x> π, κ,PS)〉 → 〈σ′, γ′, ([x′/x]π, κ, PS)〉

¬ach(κ, σ, ⊤) ¬∃ρ ∈ PS : applicable(ρ, κ, σ)

〈σ, γ, (ǫ, κ, PS).(κ >x> π, κ′, PS′)〉 → 〈σ, γ, (ǫ, κ′, PS′)〉

Note that if the plan of a stack element is empty, the goal of the stack element
is not reached. The reason is that the stack element would have been popped
before the plan got empty, if the goal of stack element would have been reached
after a service call or an action execution.

If an action of a plan cannot be executed, or there is no applicable rule for a
subgoal of a plan, or the goal of a service call has not been reached and there
are no more services that match, then the plan fails. If this happens, the plan is
dropped. Consecutively, another plan for achieving the goal of the stack element
may be tried, providing for flexibility in handling failure (Definition 20). Below,
we only show the transition rule for the case where an action is not executable.

Definition 22 (plan failure)

T (σ, a) is undefined

〈σ, γ, (a ≫ π, κ, PS)〉 → 〈σ, γ, (ǫ, κ, PS)〉

Popping a stack element if the goal is not reached and there are no more ap-
plicable rules, prevents the agent from getting “stuck” or from looping inside
a stack element, while not reaching the (sub)goal of the stack element. If stack
elements are popped if the goal cannot be reached, the agent can try another
plan in the stack element that then becomes the new top element of the stack.
This mechanism functions recursively, meaning that if the agent has tried every-
thing without success, it will have an empty stack element again. However, the
top-level goal that the agent tried to reach is still in the belief base, at it was
probably not reached. The agent can then try another goal, or wait for the cir-
cumstances to change for the better, and give it another try later on. If the agent
terminates, then either the agent has an empty stack and the goal base is empty,
or the agent has an empty stack and there are no applicable rules to the goals in
the goal base. These considerations of progress and terminations are formalized
in the proposition below.

Proposition 2 (progress and termination) . Let A = 〈σ, γ, St〉 be an agent.
Then, if St �= E, there is an A′ such that A → A′. Further, on any computation
A, A1, . . . there is an A′ of the form 〈σ′, γ′, E〉. Finally, if there is no A′ such
that A → A′, then either A is of the form 〈σ, ∅, E〉, or A is of the form 〈σ, γ, E〉
and there is no ρ and κ ∈ γ such that applicable(ρ, κ, σ, ⊤).

4 Conclusion

In this paper, we have proposed to use goal-oriented techniques from the field
of cognitive agent programming for service orchestration. The advantage of us-
ing an explicit representation of goals is the flexibility in handling failure that
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goals provide. To be more specific, goals provide for flexibility in at least four
ways. First, goals can be used to do semantic matchmaking, yielding flexibility
in selection of services, as one does not necessarily have to define at design time
which particular service should be called. Second, the explicit use of goals makes
it easy to check whether a service call was successful, making it easy to build
into the semantics a mechanism for trying other matching services if one service
fails. Third, the plan selection rules can be used in a natural way to specify an
alternative plan if calling a service directly fails. Finally, the possibility to spec-
ify multiple plans for achieving a goal in combination with the mechanism for
detecting whether a goal is achieved, can make the orchestration more flexible in
handling failure, and also more responsive to the actual situation as plan selec-
tion rules are conditionalized on beliefs. We have made these ideas concrete by
formally defining a goal-based orchestration language that makes use of semantic
matchmaking.

We see several directions for future research. One of the main issues that needs
to be dealt with is the fact that the language is based on propositional logic.
Important candidates to replace propositional logic are description logics, given
the fact that we incorporate semantic matchmaking into our framework, or first-
order logics. We plan to study in particular whether the WSML [8] language can
be integrated into our work, as this is a language that has both first-order logic
and description logic variants. Further, WSML seems to be particularly suited for
our work, as it provides a formal syntax and semantics for WSMO, which is based
on goals. Moreover, we plan to extend the language of plans to include more
sophisticated constructs such as a construct for parallel composition. Further,
we consider to investigate more expressive kinds of service communication in
which interaction protocols are used for communication. Furthermore, we want
to investigate how work on soft constraints [3] can be used to obtain a more
expressive language for representing goals and for defining goal achievement.
Moreover, we want to analyze how exactly our semantics for the result passing
sequential composition construct differs from the Orc semantics. Finally, we aim
to analyze formally how our goal-based mechanism for handling failure is related
to more conventional approaches to failure handling, such as used in WS-BPEL.

Concluding, we believe that the framework as laid out in this paper can pro-
vide a foundation for several interesting directions of future research, and we
hope it contributes to the further investigation of combining agent-oriented and
service-oriented approaches.
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Abstract. The Internet has emerged as a dynamic service-centered en-
vironment. How to combine several individual services to provide value-
added services is an ongoing research challenge, mainly because dynamic
service composition cannot be accomplished easily and the users’ inten-
tions regarding service interconnection have to be anticipated by the ser-
vice developer. To overcome the drawbacks of developer-centric service
composition, we propose an approach to user-initiated dynamic service
interconnection characterized by a high degree of usability. We outline a
solution for semantic interconnection of two or more services, which pro-
vides information that would not be available by using a single service.
Based on various interconnection types, we have developed an archi-
tecture for user-initiated semantic service interconnection utilizing the
planning and negotiation capabilities of intelligent agents. As proof of
concept, we have implemented a Web 2.0-based service suite consisting
of various individual entertainment services, which assist users in plan-
ning their leisure time.

Keywords: User-Initiated Dynamic Service Interconnection, Intelligent
Agents.

1 Introduction

Today, an ever-increasing number of services within various domains (such as of-
fice, home, or pastime) is available to users over the Internet. In most cases, these
services are not interconnected and the user has to integrate the provided infor-
mation manually, e.g. by copying and pasting data from one service to another,
which reduces the overall usability. An approach to overcome this limitation is
the provisioning of a suite of integrated services as a single application. In this
case, however, the service developer or provider has to manually combine single
services in order to obtain composite services. Service composition has numerous
drawbacks: As the number of potential service combinations is quadratic (if two
services are combined) or exponential (if more than two services are combined)
in the number of services, the process is rather time-consuming. Additionally,
the developer may lose sight of potential combinations. While there are some
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approaches (see Section 5 for examples) supporting developers of composite ser-
vices, e.g. by providing tools, other problems remain: Service composition cannot
easily be accomplished dynamically. Whenever a new service is added, existing
services have to be modified, and new composite services have to be developed
and deployed. Additionally, the user faces a potentially large number of compos-
ite services, each of which he has to familiarize himself with.

Our approach addresses these issues by supporting user-initiated service in-
terconnection. We regard this as a more intuitive approach, as the user receives
exactly the information he requires. Instead of having to interact with a large
number of composite services via various additional user interfaces, the user in-
teracts with a comparatively small amount of services in the usual manner and
receives information based on the interconnection in addition to the results of
the single services.

Consider the following two scenarios from the domain of entertainment-related
services: In the first scenario, the user utilizes a restaurant finder service RS and
a weather forecast service WF . Via RS, the user initiates a search for restaurants
in a specific city and obtains a list of results. The user then drags and drops the
icon representing WF onto the RS dialog displaying the results. In this case, a
useful interconnection result would be to indicate for each restaurant whether it
is suitable with regard to the current weather forecast for the respective location
(as an example, restaurants with open air areas could be rated higher if the
weather is fair).

In the second scenario, the user again utilizes RS, obtaining a list of restau-
rants, and a movie finder service MS. Via MS, the user initiates a search
for movies with specific parameters, and obtains a list of results. He selects
one movie from the results and interconnects the two services by dragging
and dropping the icon representing this movie onto the RS dialog display-
ing the results. In this case, a useful interconnection result would be to indi-
cate for each restaurant the distance to the nearest cinema showing the movie
(or at least a similar movie, if there is no direct match). At this point, the
user can chose the most appropriate interconnection step from a drop-down
menu.

This paper describes an agent-based approach that allows these kinds of
dynamic user-initiated interconnection of services. Multi-Agent System (MAS)
technology in particular allows us to utilize capabilities of agents such as the abil-
ity to negotiate and plan the usage of agent services in an intelligent manner. As
proof of concept and in order to evaluate the approach, we have implemented
the Smart Pastime Assistant (SPA) as a suite of prototypical services from the
entertainment domain.

The remainder of this paper is structured as follows: Section 2 describes the
general concepts and architectural components of our approach. Section 3 out-
lines the implementation of the approach. In Section 4, we briefly describe the
SPA. Section 5 presents related work. Section 6 concludes the paper with an
outlook and outlines further work.
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2 Approach

The goal of our approach is to allow services to be interconnected semantically,
dynamically within a deployed system, and on-the-fly, i.e. without having to ad-
just the implementation of the respective services. In this context and throughout
the paper, the term “service” refers to a sub-application within a larger context
that is usable by human users, generally via a GUI. In contrast, the term “agent
service” refers to functionality provided by agents for other agents, which is
specified via an ontology-based description of preconditions and results of the
agent service.

2.1 Service Interconnection

The interconnection of two services (namely, a source service and a target service)
is usually triggered by the user interacting with the system by selecting inter-
connection objects. These objects contain and represent information available
to the user, such as a weather forecast for a specific city, or a set of restaurants.
Figure 1 gives an overview of an interconnection process. As a result of the inter-
connection, the user is presented non-obvious information that is not available
by using a single service. Other kinds of actions triggering interconnection are
conceivable, such as a service interconnection at regular intervals in order to
push new information to the user. The subsequent procedure, however, is always
independent of the action triggering the interconnection:

– The source service propagates the source interconnection object to the target
service.

– Based on this object and its own internal state, represented by the tar-
get interconnection object, the target service determines the interconnection
type, and obtains the results of the interconnection via applying concrete
rules and/or using agent services. This step is described in detail below.

– If any new rules have been obtained in the previous step, they are added to
a rule repository.

– The interconnection results are propagated to the user.

Because the interconnection of two services is not hard-coded into either
service, the required operations have to be determined via a rule repository

Fig. 1. Overview of an interconnection process
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containing rules for interconnecting services (see Section 2.2). There are two
kinds of rules: Abstract rules are mapped to agent services, while concrete rules
are directly applicable via an agent’s rule execution component. Concrete rules
are generally preferable because of their lower complexity, which allows them to
be applied more efficiently than agent services. On the other hand, agent services
are usually more generic and capable of carrying out more complex operations.

Concrete rules may be added to the system either manually by service devel-
opers, by users via a GUI, or they may be determined via a reasoner based on
observed user interactions. Currently, however, only the first two alternatives are
supported by our approach. Concrete rules are either applicable globally or per-
tain to specific users or user groups. For purposes of planning and aggregating
single rules, both types of rules are equivalent, because they may be represented
in the same manner: A rule produces, for a list of specific objects as input, a list
of specific objects as output. In our approach, rules are specified in the Semantic
Web Rule Language (SWRL), which facilitates a direct mapping between rules
and the semantic descriptions of our agent services.

The sub-steps of the second step of the interconnection procedure are carried
out as follows:

– The target service determines via the rule repository and, if necessary, the
planning and aggregation component, whether concrete or abstract rules for
the interconnection exist.

– If rules are found, they are applied and the results are returned.
– If no suitable rules are found, the target service attempts to discover further

applicable agent services via the MAS infrastructure and via negotiating
with potential service providers.

– If agent services are found, they are used in combination with any rules that
had been already present and the results are returned. New abstract rules,
which refer to the newly discovered agent services, are added to the rule
repository.

– If no suitable agent services are found, the target service attempts to obtain
the missing rules via direct interaction with the user.

– If rules are provided by the user, they are applied in combination with any
rules that had already been present and the results are returned. New con-
crete rules, as obtained from the user, are added to the rule repository.

– If no suitable rules are provided by the user, the service interconnection fails.

There are various types of service interconnection, mainly based on the current
state of the source and the target service, as well as the interconnection objects.
An interconnection object may represent a specific state of the respective source
or target service, i.e. its current dialog step. In this case, a service icon or an
entire service window may represent this object in a GUI-based system. For
interconnection purposes, a single dialog step furthermore consists of a set of
objects, which may be empty. Thus, one of these objects may also constitute an
interconnection object.

Each object of a dialog step is classified either as a query object, in which case
it is intended for obtaining information from the user or another external source,
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or as a result object, in which case it contains information that is intended to
be presented to the user or another external source. Query objects are usually
required for proceeding to further dialog steps of the respective services, while
result objects constitute a partial or final result of the respective services. A single
dialog step is always considered to primarily contain either query objects or result
objects, although in some cases the distinction is somewhat problematic, mainly
because query objects may be mapped directly to result objects. Whenever an
abstract representation of a service is used as an interconnection object, it is
mapped internally to the set of objects of the respective dialog step. As a single
object from a dialog step is also mapped to a set (of size one), both types of
interconnection objects are subsumed in the following.

In any case, the expected behavior of the target service is to update the
objects of its current dialog step, based on the interconnection results, and to
remain in that dialog step if the target interconnection object is an abstract
representation (unless the service has not been started yet, in which case the
service proceeds to the first dialog step). If the target interconnection object is a
single object, the expected behavior of the service is to proceed to a subsequent
dialog step for presenting the interconnection results, much in the same way as
if the user had selected the respective object itself in the target service without
interconnection. Based on these definitions, we are now able to describe the
different types of service interconnection, which are summarized in Table 1.

Table 1. Overview of service interconnection types. Interconnection by linking two
sets of query objects is ruled out because it is not expected to lead to viable results.

Target Service:

Source Query Result
Service: Objects Objects

Combined Rule
Query N/A Composition
Objects & Aggregation

(see Section 2.1)

Result Rule Composition Rule Aggregation
Objects (see Section 2.1) (see Section 2.1)

Linking Result Objects to Query Objects. In the most straightforward
case, a set of result objects of a source service is linked to a set of query objects
of a target service. This type of interconnection utilizes a rule composition in
which the output of the source service is used, either directly or via applying
a set of rules, as the input of the target service. Similar interconnections are
already present in existing systems (see e.g. [24]). If the result objects cannot be
mapped directly to query objects, applicable rules have to be found either within
the rule repository or via utilizing the planning component. The interconnection
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results are used within the query objects, e.g. in the form of additional search
parameters, and they are also used in further dialog steps, e.g. as additional
references assigned to result objects, or in further interconnections.

As an example, this kind of service interconnection is applicable in a modifi-
cation of the first scenario described in the introduction: If a restaurant object is
dragged and dropped onto the representation of the weather forecast service, the
location of the restaurant may be used as input for the weather forecast request,
i.e. the parameters are matched directly, as shown in Figure 2. The interconnec-
tion result is a weather forecast request for the given location. If the restaurant
object is dropped onto the weather forecast request itself, the parameters are
matched in the same manner, and additionally the service executes the request
and returns a weather forecast as a result. In any case, as soon as the subsequent
interaction step is reached, the result objects (weather forecast and restaurants)
are automatically interconnected again, as described in the following section.

Fig. 2. Interconnection of result and query object via rule composition

Linking Result Objects to Result Objects. In the second type of intercon-
nection, the current dialog step of the target service primarily consists of result
objects. In this case, a simple service composition is not applicable because there
is no service requiring any input. Therefore, the interconnection is realized as a
service aggregation in which the output of both source and target service is ag-
gregated and used as input of a third internal service in order to produce further
output. Applicable rules have to be found either within the rule repository or via
utilizing the aggregation component. The interconnection results are used in the
respective dialog step, e.g. as additional references assigned to the result objects.
As an example, this kind of service interconnection is applicable in the second
scenario described in the introduction: If a movie object is dragged and dropped
onto a restaurant object, a combination of rules has to be determined in order
to aggregate these objects as input parameters, as visualized in Figure 3. This
type of interconnection is also carried out automatically in dialog steps following
a dialog step in which an interconnection process has been carried out.

Linking Query Objects to Result Objects. This type of interconnection is
basically a reversion of the first type, combined with the second type: Because
the interconnection results are presented within the service providing result ob-
jects, a suitable additional result object has to be generated based on the given
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Fig. 3. Interconnection of result objects via rule aggregation

interconnection objects, and this additional result object has to be aggregated
with the given result objects. As an example, this kind of service interconnection
is applicable in the first scenario described in the introduction: If a representation
of the weather forecast service is dragged and dropped onto a restaurant object,
the location of the restaurant may again be used as input for the weather fore-
cast request. A weather forecast is obtained as an internal result, and aggregated
via concrete rules with the restaurant object, as shown in Figure 4.

2.2 Main Architectural Components

In the previous section, various agents and components have been introduced as
required functionality for the various types of service interconnection. Figure 5

Fig. 4. Interconnection of query and result object via rule composition and aggregation
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shows the relationships between these agents and components in the overall
architecture. In this paper, we largely omit the description of additional parts
of the architecture that are not directly relevant for service interconnection,
such as components offering functionality for personalized services, user profile
management, and the like.

Fig. 5. Main architectural components and agents involved in an interconnection
process. Arrows indicate usage of agent services.

Service and User Agents. All services available to users are based on func-
tionality provided via agent services. The user interaction is carried out by a
separate component utilizing these agent services. For purposes of service in-
terconnection, we do not have to specify this component further. In our imple-
mented prototype described in Section 4, it is mainly realized as an Asynchronous
JavaScript and XML (AJAX)-based client-side component. Additional internal
functionality (e.g. functionality required for service interconnection) is provided
via agent services as well. Each main service is represented by a dedicated agent
who may internally distribute requests and tasks to additional agents. Further-
more, each user is represented by a dedicated user agent, who manages and
controls access to the respective user’s personal profile, containing private data
such as his preferences and recommended objects obtained via personalized ser-
vices. It also provides a profile manager service, which may be interconnected in
the same manner as any other service.

Rule Repositories. Rules are collected in and maintained by rule repositories.
A global rule repository, accessible via a dedicated agent, is shared by all services
involved in service interconnection processes. Currently, rules are mainly accu-
mulated as they are provided. Ultimately, a reasoner should be able to check the
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consistency of the available rules, and to deduct additional rules from existing
rules. In addition to the global repository, each user agent manages a local rule
repository containing user-specific rules which are merged with the applicable
global rules in each interconnection process.

Rule Execution Component. The rule execution component is part of all
agents carrying out interconnection processes. It is utilized to apply a concrete
rule to a set of input objects by resolving the rule in a straightforward manner.

Planning and Aggregation Component. The planning and aggregation
component is part of all agents carrying out interconnection processes, i.e. it
is utilized by the agents providing the interconnection target service. It operates
on the rule repository and either attempts to determine a composition of rules,
an aggregation of rules, or a combination thereof, depending on the respective
interconnection process.

3 Implementation

We have implemented our approach based on Java-based Intelligent Agent Com-
ponentware (JIAC) IV [1,11], a FIPA-compliant [9,10] service-oriented MAS ar-
chitecture. JIAC integrates fundamental aspects of autonomous agents regarding
pro-activeness, intelligence, communication capabilities and mobility. Its scalable
component-based architecture allows to exchange, add, and remove components
during runtime. Standard components (which themselves can be exchanged as
well) include, among others, a fact base component, an execution component,
a component supporting reactive behavior, and provide individual messages to
manage the appropriate actions [22]. JIAC consists of a runtime environment, a
methodology, tools which support the creation of agents, and numerous exten-
sions, such as web service connectivity, device independent interaction, and an
ontology conversion engine [21]. Moreover, JIAC is the only agent-based frame-
work that has been certified according to EAL3 of the international “Common
Criteria” standard [13].

Planning and negotiation capabilities of JIAC agents are of particular inter-
est for our approach. Invocation of agent services comprises several steps and is
based on a meta-protocol, which is implemented as an extension of the FIPA
request protocol. At the beginning of the service usage, an agent contacts the
Directory Facilitator (DF) in order to receive a list of potential services matching
the agent’s current goal. If no services are found, the agent utilizes a planning
component in order to determine whether the goal may be reached by combining
several services partially fulfilling the goal. After receiving a list of agents provid-
ing the respective service, an optional negotiation protocol may be executed in
order to determine the actual service provider. Finally, the meta-protocol cov-
ers service-independent elements such as security, accounting, communication
failures, and other management-related tasks.
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4 Smart Pastime Assistant

As proof of concept, we have developed and deployed the Smart Pastime As-
sistant (SPA)1, a Web 2.0-based service suite integrated in a MAS. The SPA
system provides various complementary agent-based services assisting users in
planning their leisure time by recommending and scheduling entertainment ac-
tivities. It is aimed at supporting orientation, navigation, and event scheduling
in major German cities such as Berlin, Munich, and Hamburg. With the SOA
approach in mind, we provide a possibility to easily add or exchange domain-
specific as well as location-based information and services. Hence, it becomes
possible to modify the existing prototype in order to cover alternative domains
and additional or different cities and areas. The service portfolio is comple-
mented by mapping and routing services (e.g. guided tours) and community-
based services allowing users to meet other people with similar interests in
real-time.

All services are personalized, i.e. they provide specific information and recom-
mendations based on the profile of the respective user, and device-independent,
i.e. they may be used on different devices as long as an AJAX-capable browser
is available. An intelligent history and session management enables the user to
interrupt the interaction with a service at any point and to seamlessly resume
the interaction on a different device at a later time. Figure 6 gives a high-level
overview of the system architecture.

In order to demonstrate our seamless service interconnection approach, we
have developed an intuitive graphical user interface based on AJAX technol-
ogy (including Mobile AJAX to also support mobile client devices). Here, we
have specifically addressed the requirements of user-centric graphical service in-
terconnection by utilizing universal drag-and-drop operations. Figure 7 shows
a screenshot of the system with the services at a point where two services are
interconnected, as described in the first scenario in the introduction, which we
refer to for the evaluation of usability aspects of our approach:

Compared to a system in which services are not interconnected, the user still
has to start the two services and enter search terms in order to obtain restau-
rants, but subsequently obtains information about the suitability of restaurants
with regard to the current weather forecast after a single additional interaction,
namely a drag-and-drop operation. In a system in which services are not inter-
connected, this information would be available only after explicitly requesting a
weather forecast, and manually applying the forecast to each single restaurant
result, which would require the user to carry out several additional interactions
as well as to possess the required knowledge. The evaluation of our approach
with regard to aspects such as development time and overall effort is more
problematic, mainly because we did not implement a reference system based
on hard-coded composite services. Therefore, we have restricted the evaluation
to usability aspects, as described above.

1 A prototype is accessible online via http://www.SmartAssistantSolutions.de.
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Fig. 6. High-level architecture of the Smart Pastime Assistant including the agents
and components for dynamic service interconnection

5 Related Work

A large amount of work has been devoted to the area of the Service Oriented
Architecture (SOA) paradigm, especially in the field of semantics-based dynamic
service composition. Numerous approaches exist, ranging from automatic, dy-
namic, and self-organizing [3,12,16] to model driven composition of services [20].
However, actual approaches mainly focus on the composition of Web Services to
new applications, such as new business processes [17]. Primarily following the
paradigms of service orchestration and choreography, none of the approaches for
developer-centric, consumer-centric, or user-centric service composition actually
deals with dynamic user-initiated service interconnection. Most closely related
are a user-centric service brokerage approach, which, however, is not based on
MAS technology [24], and an approach for service composition, which allows end
users to compose applications in a SOA [5].
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Fig. 7. A screenshot of a service interconnection with restaurant finder service and
weather forecast service

With the Resource Description Framework (RDF), the World Wide Web
Consortium (W3C) established the basis for the Semantic Web with the devel-
opment of the Web Ontology Language (OWL) [8]. RDF, Resource Description
Framework Schema (RDFS), and OWL provide the constructs to create domain-
specific vocabularies, taxonomies, and ontologies. These technologies are utilized
to implement semantic SOAs. Nevertheless, current research does not address
the ability to enable reasoning about service interconnections at runtime. Exist-
ing approaches focus on specifying rules in RuleML [4] and, within the context
of the Semantic Web, in SWRL [14] and DRS [19]. However, the expressiveness
of these languages is restricted to specifying static rules and constraints. Web
service specification languages like WSDL [6] and BPEL4WS [2] provide an op-
erational approach to service specification but do not provide any conditional
relationships between source and target services in a service interconnection
step. Other frameworks such as OWL-S [18] and WSMO [7], enable the speci-
fication of preconditions, postconditions, and effects. Since they are limited to
static descriptions of a service’s initial and final state, they are not well suited
to dynamically interconnect services consisting of multiple interaction steps.

We attempt to overcome these drawbacks by combining the strengths of the
above-mentioned standards with Multi-Agent technology, thus integrating ade-
quate knowledge, negotiation, and reasoning capabilities into SOAs [15,23].

6 Conclusion and Further Work

Having identified numerous drawbacks in developer-centric service composi-
tion approaches, we have developed an agent-based architecture facilitating a
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user-initiated semantic interconnection of services. In this paper, we have pre-
sented several types of service interconnection as well as a rule-based approach to
accomplish them. By implementing a suite of integrated entertainment services
and following an AJAX-based approach for the frontend component, we have
shown that it is in fact possible to semantically and dynamically interconnect
individual services.

At the moment, our approach is capable of interconnecting two services per
interconnection step. However, we are currently working on a generic mechanism
to interconnect multiple services. For this purpose, we are enhancing the GUI to
provide users with the ability to initiate a multi-service interconnection by uti-
lizing an extended drag-and-drop mechanism. Depending on the type of service
interconnection as well as on the respective source and target service, a seman-
tically enriched context menu will be generated dynamically. This approach will
allow a more flexible and powerful way of interconnecting multiple services.
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Abstract. Service Oriented Architecture (SOA) is a compelling topic in 

Service-Oriented Computing (SOC) paradigm nowadays, as many requirements 

come from inter- and intra- enterprise service composition. However, as one of 

the most significant principles of service orientation, service autonomy, has not 

been addressed systematically. In this paper, we propose a feasible solution for 

service autonomy through analyzing its intrinsic characteristics. Firstly, from 

the service lifecycle management point of view, a three layer architecture of 

service autonomy is designed, based on which a service agent is built to provide 

core autonomous service functionalities, including automatic service discovery, 

proactive service monitoring, decentralized service orchestration, and just-in-

time information sharing. Second, XMPP (eXtensible Messaging and Presence 

Protocol) is employed to construct a lightweight fabric of agents. Finally, three 

typical use cases of web service composition are used to validate the rationality 

and feasibility of the proposed solution for service autonomy. 

Keywords: Autonomous Service Agent, Agent Fabric, Service Composition. 

1   Introduction 

Service orientation techniques attract more and more academic and industrial 

attentions in recent years, such as SOA, due to the rapid increasing of cross-

organizational e-business applications. The requirements of business agility with low 

integration expense and high asset reusability are urgently desired in today’s 

collaborative business environments. SOA is regarded as the key to business agility, 

and hailed as the glue that would bring IT closer to business. Entity aggregation 

embodies the business need to get a 360-degree view of those entities in one place. 

That implicates that autonomous services can be used to transform the way we 

develop systems to more closely matched business processes and solve immediate 

entity aggregation needs.  

SOA takes the workload off the applications/services and reduce complexity in 

integration. So the complexity must be hidden in the messaging or communication 

infrastructure, say, SOA fabric. In other words, SOA pushes functionality or 

complexity to be handled by the messaging environment instead of the applications to 

be connected. In [1], Thomas Erl summarized eight basic principles most associated 
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with service-orientation. Of these eight, autonomy, loose coupling, abstraction, and 

the need for a formal contract are considered as the core principles that form the 

baseline foundation for SOA. Microsoft’s tenets of service orientation [2] also define 

four properties: service autonomy, explicit service boundaries, shared contracts and 

schemas, and policy-based compatibility. Therefore, service autonomy is the most 

representative characteristic of service orientation. However, it was not explored 

sufficiently and systematically compared to other principles. 

The word autonomy has many definitions including: self-contained, self-

controlling, self-governing, independent and free from external control and constraint. 

Service autonomy emphasizes the logics governed by a service resides within an 

explicit boundary. That is, the service has control within this boundary and does not 

depend on other services to execute its governance. It also frees the service from ties 

that could inhibit its deployment and evolution. Furthermore, service autonomy is a 

primary consideration when deciding how application logic should be divided up into 

services and which operations should be grouped together within a service context. 

According to these assertions, the existing software services are far from 

autonomy, either because only simple operations are provided, such as web services, 

or because the services highly depend on hosting platform, such as software as a 

service (SaaS). A true autonomous software service can be developed, deployed, 

operated and managed independently, on any platform, in any organization. In order 

to realize service autonomy, we summarized the intrinsic characteristics from the 

existing literatures [1, 2, 3, 4, 5] as following: 

1) Autonomous service is completely disconnected from the consumer or application. 

Consumers could be of various types, implemented in various technologies, and 

don’t care about the implementation details of services. The service development, 

deployment, operation, management, modification and security all vary 

independently from those of service consumers. Autonomous service is deployed 

in its own execution and security environment and deployed incrementally. New 

services are added to a given system without breaking the functionality and 

services could even be deployed long time before deploying the service 

consumers. 

2) The autonomous nature of services invariably requires processes or systems that 

were at one time centralized to move to a decentralized or federated model, whose 

individual entities communicate each other through an authorization mechanism. 

3) Service autonomy also requires a greater emphasis on explicit management of 

trust between applications, including permission management, access control and 

credit mechanism. So an autonomous service needs the abilities to locate its 

partners and negotiate communication with them. 

4) Autonomous services must also maintain control over the resource they own, 

because the local resource is not directly controlled by an external entity in self-

governed services. 

These essential characteristics are the fundamental guidelines for building a 

completed autonomous service ecosystem. Autonomy, in philosophy, means existence 

as independent moral agent, say, personal independence and the capacity to make 

moral decisions and act on them. In short, autonomy is a characteristic of agents. 

Among agents, we generally refer to social autonomy, where an agent is aware of its 
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colleagues and is sociable, but nevertheless exercises its independence in certain 

circumstances, such as by refusing a request when it might harm the agent’s interests. 

Autonomy is also in natural tension with coordination or with higher-level notions, 

such as commitments. To be coordinated with other agents or keep its commitments, 

an agent must relinquish some of its autonomy, but an agent that is sociable and 

responsible can still be autonomous. It would attempt to coordinate with others where 

appropriate and keep its commitments as much as possible, but it would exercise its 

autonomy in entering into those commitments in the first place. 

Basically, the service-oriented applications have many similar features in the 

concept of software agent that is an autonomous and intelligent entity. For example, a 

group of agents may form a loosely coupled agent network called MAS (Multi-Agent 

System) [6]. They solve problems and perform tasks together through interactions and 

collaborations. So applying agent techniques to service orientation field is a natural 

choice. The research on agent-based applications has so far demonstrated that agents 

can glue together independently developed legacy systems. The control of a system 

can be distributed among autonomous agents and still maintain global coherence and 

capability improve greatly when systems (represented by agents) cooperate [7]. 

Consequently, we adopt the concepts in MAS for service autonomy architecture 

design in this paper. Service agent has three basic responsibilities that maintain 

runtime operations, manage service lifecycle and control trusty communication 

between agents. The first one is supported by a set of basic functions, such as service 

discovery, monitoring and composition. The second one is an advanced feature 

requiring comprehensive service modeling and governance. Agent system trustworthy 

is important issue for agent collaboration, which can be solved from different levels. 

This paper mainly focuses on the first two issues.  

On the other hand, an effective communication mechanism is very important for an 

agent system, because autonomous systems do not stand alone without interaction 

with other parties. Fabric in SOA context usually means a messaging environment or 

communication infrastructure, which makes services or applications integrated. In this 

paper, we propose a lightweight agent fabric to serve the communications between 

autonomous service agents and, furthermore, cross-enterprise applications. According 

to the aforementioned autonomous system design requirements, XMPP is employed 

as the underlying communication and message routing technology to build this kind 

of lightweight fabric for agents. We also can leverage the existing XMPP 

technologies for the trusty communication between agents. 

In general, the autonomous agent fabric can bring a number of benefits to cross-

organizational collaboration, such as decoupling transactions. For traditional 

distributed system, solving such a scenario would be very hard. If however, all the 

parties are plugged into the loosely coupled agent fabric, the global transactions 

become local transactions and the complexity can be reduced largely. These merits 

would be beneficial to web services ecosystem. Web services are self-contained 

modular applications that can be invoked over a network, generally, the internet. As 

the most representative software service, it is viewed as one of the promising 

technologies that could help business entities to automate their operations on the web 

on a large scale by automatic discovery and consumption of services. The term of web 

service has been in place since 1999, but global interoperability still hasn’t been well 

achieved. Though web services currently involve a single client accessing a single 
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service, soon applications will demand federated servers with multiple clients sharing 

results. Such a cooperative model requires coordinative management, and it appears 

that an agent basis is what is needed. Agents can balance cooperation with self-

interest, and they also have a property of persistence, which is necessary for 

establishing trust. Moreover, most agree that the web will continue to have no central 

authority, with its components remaining autonomous, and will support cooperative 

peer-to-peer interactions as well as client-server interactions. Therefore, we apply the 

proposed service autonomy solution to web services and validate it through service 

composition. The three use cases demonstrate the capabilities and effectiveness of this 

autonomous agent fabric, including service discovery, monitoring, decentralized 

orchestration and information sharing. 

The remainder of the paper is organized as follows. Service autonomy architecture 

is introduced first in Section 2. In Section 3, a lightweight autonomous agent fabric 

for web service is presented in detail. The three use cases employed for validation are 

analyzed in Section 4. Finally, the related works are briefly summarized in Section 5, 

and the conclusions as well as future works are in Section 6. 

2   Service Autonomy 

As discussed in Section 1, we consolidate service autonomy principles into a three-

level self-governance, i.e., functionality, operation and management. The self-

governance, as the essential of service autonomy, demands a comprehensive service 

meta-model underpinning the whole lifecycle management. A completed lifecycle 

model provides a potent tool for eliciting the more detailed policies for governing the 

efficient development and usage of software services. Therefore, in this section, we 

designed a three-layer architecture of service autonomy based on software service 

lifecycle management.  

From self-governance perspective, service meta-model is the information center of 

an autonomous agent, which maintains all management information and runtime 

status. The instance of service model should be created when a service is being 

developed and coexist with the service till it is destroyed. Here, a service-centric 

model is proposed to serve service autonomy by referring to the lifecycle definitions 

in software engineering, web services, SaaS and SOA. The whole lifecycle of 

software service is divided into seven phases: demand, creation, publishing, 

subscribing, consuming, feedback and upgrading. Among them, upgrading and 

creation can be regarded as one stage due to the very similar functions. In this way, 

the six phases constitute a cycle for continuous evolution. As shown in Fig. 1(a), the 

six phases of lifecycle are managed by six sub-models separately. Besides, a service 

profile sub-model provides basic description of service and contains the linkages to 

lifecycle sub-models. In addition, the common service event (CSE) sub-model is used 

to describe the events from the lifecycle which can be utilized to do performance 

analysis as well as problem determination among services and their interactions. 

Demand is the stage for requirement collection and analysis. Service agent can help 

service provider collect user requirements from service consumers or other agents. 

Then, the design specifications are recorded in creation sub-model. Also, all 

development information are all managed in creation sub-model, including bug 
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tracing, build version, feature set, etc. When development is completed, service 

moves to publishing stage which announces the advertisements, pricing and 

invocation methods. When consumers subscribe a service, the corresponding 

subscription information and the statistic data for usage tracking is stored in 

subscribing sub-model. At consuming stage, the runtime and operation information 

are monitored. At last, the service consumers’ feedbacks are collected by feedback 

sub-model, which can be used as the reference for further improvements at upgrading 

stage. In this way, all data generated in whole lifecycle are recorded in a 

comprehensive service model supporting service autonomy in all spectrums. 
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Fig. 1. (a) Service Lifecycle Management; (b) Service Autonomy; (c) Autonomous Agent 

With SOA ideation, software service should not be expected to maintain those 

functions beyond its main business. Hence, service agent needs take the 

responsibilities of service operation and management in order to enable service 

autonomy. A three-layer agent architecture is designed to wrap simple functional 

services according to service lifecycle management.  As shown in Fig. 1(b), the first 

layer is function layer provided by service itself. On top of function layer is operation 

layer executing operational tasks for autonomous services, including service 

registration/discovery, monitoring, orchestration and information sharing. The top 

layer is lifecycle management layer. In this manner, a software service becomes an 

independent entity existing on computer system or internet, managed by autonomous 

agent, and it can be operated individually and moved cross different platforms. Fig. 1(c) 

gives an abstract architecture of service agent. The basic functions of agent are 

provided by Message Handler and Invocation Broker modules. The former handles 

communication protocol parsing and message dispatch while the latter focuses on 

invocation adaptation and data mediation. Usually, the data from different services are 

converted to a uniform format, such as industry standards. The advanced operational 

functions are provided by other five modules: service lifecycle manager controlling 

service data; service matchmaker for service discovery; monitor collecting events and 

generating statistic reports; D-BPEL engine for service orchestration and information 

sharer providing a pub/sub mechanism for information exchange. Additionally, a 

persistent storage database is provided to synchronize the data with service lifecycle 

manager and monitor modules periodically. In this manner, service can put all 

operation and management workload to its autonomous agent and focus on its 

business logics and functionalities. Applications also can leverage agent to reduce 

integration complexity.  

An efficient communication infrastructure is the other important aspect for ser- 

vice autonomy to support service composition and application integration. As both 

service-orientation and service autonomy requires loosely coupling, asynchronous 
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communication is desirable for agent interactions. Asynchronous exchange allows 

each communication operation between two processes to be a self-contained and 

standalone unit of work. Each participant in a multi-step business process flow needs 

only be concerned with ensuring that it can send a message to the messaging system. 

Asynchronous interactions are a core design pattern in loosely coupled interfaces, and 

an asynchronous message should carry data and context around with it from place to 

place. Fabric, in SOA context, usually means a messaging environment or 

communication infrastructure, which enables service composition and application 

integration. Therefore, to select a suitable messaging system or communication 

protocol is the key to fabric design. There are many choices for asynchronous 

message exchange, such as JMS (Java Message Service), SMTP (Simple Mail 

Transfer Protocol), BEEP (Block Extensible Exchange Protocol) and so on, which are 

appropriate for different scenarios, respectively. The Message Handler module in  

Fig. 1(c) deals with asynchronous communication between agents, to which any 

proper protocol can be bound.  

3   A Lightweight Agent Fabric for Web Service Autonomy 

Web service is widely applied in inter- and intra- enterprise integration, however, it is 

still used as an interface encapsulation technique because WSDL (Web Service 

Description Language) only provides functional description of invocation. Based on 

the methodologies in Section 2, an autonomous agent can be built to enable autonomy 

of web service by governing the operations and lifecycle. Furthermore, XMPP is 

employed as asynchronous communication protocol to establish a lightweight agent 

fabric.  

XMPP has many strong points for such a kind of autonomous web service agent 

system, compared to other protocols. XMPP is initially designed for XML document 

streaming. It defines a robust, secure, scalable, internationalization-friendly 

architecture for near real time messaging and structured data exchange, so that it 

becomes an open alternative to not only the large scale IM system, but also a wide 

range of XML applications. The XMPP technologies also have been extended to 

encompass everything from network-management systems to online gaming networks 

and applications for financial trading, content syndication, and remote instrument 

monitoring [8].  Moreover, it has been extended continuously through XEP (XMPP 

Extension Protocol). For example, one of important extensions is SOAP (Simple 

Object Access Protocol) over XMPP. Therefore, XMPP is a good choice to build a 

lightweight agent fabric for web services.   

XMPP deals with XML document through XML streams, the containers for 

exchanging XML elements and stanzas. Stanzas are the first level child elements sent 

over those streams. Though peer-to-peer implementations exist, most of XMPP 

applications follow a client-server model in which a client connects and then opens a 

stream to the server, which causes an opening of other stream back to the client. After 

negotiating various stream parameters, including channel encryption and appropriate 

authentication, each party is free to send an unbound number of XML stanzas over the 

stream. To manage streams and route stanzas are XMPP server’s core functions. 

Three primary stanza types are defined in XMPP stream and each with its own 
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semantics. The <message/> stanza is a “push” mechanism through which one entity 

pushes information to another, much like email communication. The <presence/> 

stanza is a basic broadcast mechanism with pub/sub capabilities, through which 

multiple entities can receive information about a given entity to which they have 

subscribed. There are two elements in <presence/>; <show/> and <status/>. <show/> 

is used to indicate the presence of “away”, “chat”, “dnd” (do not disturb) or “xa” 

(extended away), while <status/> enables presentity post any words who would like to 

present. The <iq/> (stands for information query) stanza is a request-response 

mechanism, similar in many ways to HTTP, that allows entities to make a request and 

receive response from each other in an asynchronous mode. <iq/> interactions are 

generally used in contact-list management, configuration, feature negotiation, remote 

procedure calls, and other situations that require a more structured information flow 

than normal messaging.  

In our implementation, <message/> channel is employed to exchange web service 

invocation message, in which the SOAP message is embedded based on a XEP 

specification. <presence/> channel is used as a simple pub/sub mechanism for 

information sharing. <iq/> channel is adopted as control channel with predefined 

XML controlling messages for service discovery, event retrieval, D-BPEL 

deployment and information sharing. We leverage open source projects, Wildfire [9] 

and Smack APIs [10], to build a coordination server and an autonomous agent of this 

fabric, respectively. Fig. 2(a) is the implemented autonomous agent for web service, 

in which SOAP codec is enhanced to support WS-Addressing specification [11], so 

that SOAP message can be delivered to the third part, instead of always between two 

agents. Similarly, discovery and Pub/Sub modules are all implemented following 

XEP specifications. Besides, we also provide a tool for service preview, called service 

browser (Fig. 2 (b)), which is like a client of instant messenger. 
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Fig. 2. (a) Autonomous Agent for Web Services; (b) Service Browser 

3.1   Service Discovery 

Although agents communicate is like a peer-to-peer manner, the agent fabric is client-

server architecture. The enhanced Wildfire server plays a role of coordinator and the 

agents are its clients. Each agent needs register on a coordinator to obtain a unique ID. 

The coordinators take charge of the communication with agents and other 

coordinators in the fabric. During the service discovery in a decentralized system, the 

request usually needs a broadcast mode to probe remote ends. In order to reduce the 

communication workload in fabric, a service pre-filtering process is conducted in 

coordinators leveraging registration information. So coordinators can filter out most 

of irrelevant services and only forward the discovery request to a small proportion of 
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candidate agents where the precise matching is executed based on the detailed 

descriptions in service model. 

As shown in Fig. 3(a), when a service needs look for a partner in fabric, its agent 

sends a discovery request to its local coordinator where it registered. The local 

coordinator, on one hand, forwards the request to other coordinators for cross domain 

discovery. On the other hand, at local coordinator, the registered services are pre-

filtered according to category and keywords. Then, the coordinator only forwards the 

request to the filtered services for advanced matching. The remote coordinators also 

deal with the request in the same way. When a candidate service receives the request, 

it compares the items in request message to the corresponding items in its own service 

model, including detailed description, finer categorization, semantic reasoning, 

service interfaces and even SLA (Service Level Agreement) negotiation, etc. If the 

service is matched, a successful matching notification needs to be sent back to the 

requester, so that the service requester can obtain its ID and invoke this service.  
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Fig. 3.  (a) Service Discovery Module; (b) Service Monitor Module 

Here are the sample massages of request and response during service discovery. In 

request message, there are two parts of properties. One is the basic description of 

service, which is used by server to filter out candidate service at a coarse level, 

including name, version and category. The rest part includes the descriptions of 

input/output, functions, precondition and binding information, etc. Besides, query id 

and expire date are two import elements in request. A unique ID is required in the 

corresponding response message so that service requester can differentiate the 

received responses from different conversations. Expire date is used to indicate when 

the request should be deleted from the request repository on coordinator. In contrast, 

the response is a simple message to notify the result to the requester, which contains 

query ID, service name and service ID and an optional brief description of service.  

 
Service discovery request: 

<iq type=”get” from=”weatherod@example.com” to=”discovery.example.com”> 

  <discovery xmlns=”crl:ibm:service:discovery”> 

  <name>Weather</name><version>1.0</version> 
  <categories><category>Weather</cateory>…</categories> 

    <interface> 

<inputDesc>…</inputDesc><outDesc>… </outDesc> 

      <functionDesc>Weather Report</functionDesc> 

      <preconditionDesc>…</preconditionDesc><wsdl>…</wsdl> 

      <localname>…</localname><porttype>…</porttype> 

    </interface> 
    <queryid>12345</queryid><expireDate>2006-11-9 13:00:00</expireDate> 

  </discovery> 

</iq> 

Service discovery response: 

<iq type=”result” from=”weathernetwork@example.com”  

to=”weatherod@example.com”> 

  <discovery xmlns=”crl:ibm:service:discovery”> 
    <name>The Weather Network</name> 

    <queryid>12345</queryid> 

  </discovery> 

</iq> 

 

 
 

In addition, a reprobe process is used to automatically discover those newly 

registered services referring to WS-Discovery specification [11]. That is, coordinator 
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maintains a request repository, where the unexpired service requests are maintained. 

When a new service is registered on this server, the requests in the repository will be 

filtered to verify if this new service meets the requirements of those already existing 

requests. If there is any, coordinator will reprobe this new service using these 

candidate requests for advanced matching. Meanwhile, if the once matched services 

are not available any more, the service discovery request will be sent out again to seek 

new ones automatically. 

3.2   Service Monitoring 

Monitoring is the core of service lifecycle management, as it collects all events 

generated by the activities in all functional modules. It also provides data analysis and 

reporting functions. Fig. 3(b) gives the details of monitor module which is composed 

of three sub-modules: event manager, event filter and data analyzer. The events from 

different modules need to be stored in database through event manager, which also 

processes the event retrieval requests from other agents. On the other hand, event 

manager passes each event received to event filter where the useful data for analysis 

are extracted according to the parameter mapping policies. Data analyzer is a 

computational module for statistical report generation. It can integrate different data 

analysis tools for reporting. In service meta-model, four QoS parameters are defined: 

average response time, failure rate, mean time to repair and mean time between 

failures. The computation formulas are specified by the indicators of CSE. There are 

six types of CSE corresponding to the lifecycle phases. A number of actions are 

defined in each type of CSE. For example, demand actions include open demand, 

close demand, change demand, get demand, etc. The average response time and 

failure rate of service can be calculated based on invocation events, which contains 

the properties of start time, end time, state of failure, requester id and response 

receiver id. In addition, agents can retrieve the events stored in remote agents if they 

have trustworthy relationship. Following is a sample process of retrieving an 

invocation event. 

 
Event retrieval request:

<iq type=”get” from=”tripod@example.com”  

to=”yahootravel@example.com”> 

  <eventquery xmlns=”crl:ibm:service:eventquery”>  
    <trigger>weathernetwork@example.com</trigger> 

<type>CONSUMPTION</type> 

    <action>invoke</action> 

<starttime>2006-11-9 11:00:00</starttime> 
<endtime>2006-11-9 13:00:00</endtime> 

  </eventquery> 

</iq> 

 

Event retrieval response:

<iq type=”result” from=”yahootravel@example.com” to=”tripod@example.com”> 

  <eventlist xmlns=”crl:ibm:service:eventlist”> 

<event xmlns=” crl:ibm:service:event”> 
  <trigger>weathernetwork@example.com</trigger> 

<type>CONSUMPTION</type> 

      <action>invoke</action> 

<timestamp>2006-11-9 12:00:00</timestamp> 
      <x xmlns=”jabber:x:data”' type=”form”> 

        <title>Invocation Event</title>… 

        <field type=”text-single” var=”startTime”> 

<value>2006-11-9 12:00:00</value> 

        </field>… 

      </x> 

    </event>… 
  </eventlist> 

</iq>  

3.3   Decentralized Orchestration 

A traditional BPEL program invokes services distributed on different servers; 

however the orchestration of these services is typically under centralized control, 

which is opposite to the philosophy of service autonomy. Moreover, performance and 

throughput are the other major concerns. Therefore it is necessary to decentralize 
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control of BPEL engine. In this work, we implemented a decentralized BPEL 

execution mechanism using autonomous agents by employing the BPEL partition 

technique in [12] and the decentralized BPEL engine (D-BPEL). During the BPEL 

editing, the composite service is specified by traditional centralized BPEL program, 

first. Then this program is partitioned into independent sub-programs that can interact 

with each other without any centralized control. These sub-programs need to be 

installed on the D-BPEL engines of corresponding agents. That is, all web services 

involved in a composite service only need execute a small segment of BPEL program 

within its own context without need for knowing the overall relationship of 

orchestration. Particularly, the dynamic service binding is controlled by the master 

service within a composition context, where the D-BPEL deployment is managed. If 

the participant services change, the master service needs update or re-deploy the D-

BPEL sub-programs to new ones. Besides supporting service autonomy, decentralized 

orchestration can increase parallelism and reduce network traffic required for an 

application, as well as minimize communication costs and maximize the throughput 

of multiple concurrent instances of the input program. <iq/> channel is utilized to 

deploy D-BPEL programs to the participant services as follows: 

 
D-BPEL program deployment request: 

<iq type=”set” from=”tripod@example.com”  
to=”weathernetwork@example.com”> 

  <deploy xmlns=”crl:ibm:service:deploy”> 

<serviceid>tripod</serviceid> 

<servicename>Trip On Demand<servicename> 

<dbpel>…<dbpel> 

  </deploy> 

</iq> 

D-BPEL program deployment confirmation response: 

<iq type=”result” from=”weathernetwork@example.com”  
to=”tripod@example.com”> 

  <deploy xmlns=”crl:ibm:service:deploy”> 

    <serviceid>tripod</serviceid><status>success</status> 

  </deploy> 

</iq> 

 

 

4   Use Cases for Validation 

Three use cases are simulated to illustrate the usage of the autonomous agent fabric 

for web services and validate its rationality, feasibility and benefits. Fig. 4(a) shows a 

fabric architecture used for use cases simulation and validation. 

Agent 
Agent Agent Agent 

Weather 
On-demand 

Agent

Trip 
On-demand 

Agent Agent 

AgentAgent 

Coordinator 1 Coordinator 2 

Yahoo 
Travel 

Trip 
Finder 

Yahoo 
Weather

National 
Weather 
Service 

The 
Weather 
Network

ZIP 
Distance 

Calculator 
Address 
Distance 

CalculatorAutonomous Agent Fabric 
Policies 

Partner List 
… … 

Partner List
… …

City List
… …

  

Trip 
On-Demand

Weather 
Service 

Distance
Service 

Miami
May 20-30, 2007 

Miami 
May 22-26, 2007 

Optimal 
Route 

Travel 
Service 

1 

2 

3 
4 

Route 1, Route 2 
… … 

 
                                    (a)                                                                          (b) 

Fig. 4. (a) Fabric Architecture for Use Case Validation; (b) Decentralized Orchestration 

Use Case 1: Mike develops a desktop application to show the weather condition in 

real time by retrieving weather report from web services, called Weather On-demand. 

In order to guarantee weather information is always available, Mike plans to maintain 

a web service list in the application and select the best service to invoke when the 

weather report needs to be updated. With autonomous agent fabric, to realize this kind 

of application becomes much easier than before. Firstly, Mike needs develop an 
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Eclipse RCP application using the Agent SDK we provided. Then, register this 

application in the fabric via agent APIs. The weather service selection criterion can be 

configured as a set of policies in application, according to which a service discovery 

request will be automatically generated and sent out by agent. Supposing some 

weather reporting services already connected to the fabric through agents, including 

The Weather Network [30] and National Weather Service [31] matching the 

discovery request. So the two services send back successful matching notification to 

the application where they are added into the partner list and their presence 

information is subscribed. If any service gets offline or busy, the other service will be 

selected to invoke. Later, Yahoo Weather [32], as a new service, is connected to the 

fabric. It will automatically receive the weather service discovery request cached in 

Coordinator’s request repository. If Yahoo Weather matches the request, it also 

becomes a candidate service in the partner list of application. The automatic service 

discovery in agent fabric is helpful for service availability assurance. In this manner, 

Weather On-demand can always obtain new services meeting requirements and select 

the best service to invoke according to the presence status and QoS indicators.  

Use Case 2: Mike extends his application to support travel arrangement according to 

weather condition, say, provide travel route recommendations within the continuous 

days of good weather, called Trip On-demand. The input will be the destination and a 

range of available days; and the output will be a list of possible travel routes with 

specific time arrangement. Supposing the two travel services, Yahoo Travel [33] and 

Trip Finder [34], are connected to the agent fabric, and Trip On-demand has found 

them by auto-discovery like Use Case 1 shows. This time, the application has five 

service partners, three for weather report and two for travel arrangement. Mike input 

Hawaii as destination parameter to test the service. However, he does not get any 

response. In order to debug, Mike uses agent APIs to retrieve the history events from 

event repository in the invoked services to determine the problem. It was found that 

The Weather Network is a local weather service for Canada and does not provide 

Hawaii’s weather report. So Mike adds a new service selection policy to application 

configuration that if there is an error or timeout notification then the other services in 

the list are automatically tried sequentially until a success response is obtained. 

Another choice to solve this problem is to add service selection logics to the 

application according to the region coverage in each weather service. Here, we 

suppose all weather report services publish the covered city list via Pub/Sub 

mechanism. In this way, the application can subscribe the city list of weather services. 

If any city is added to or removed from the list, the application will receive a 

notification timely so that it can dynamically select the best service to invoke. This 

use case demonstrates the benefits from service monitoring as well as just-in-time 

information sharing. 

Use Case 3: Mike further extends Trip On-demand by adding attraction arrangement, 

so that it can provide recommendations of attraction ordering according to the 

minimum travel distances. Here, a distance calculation service is added. A number of 

distance calculation services are available on Internet, such as StrikeIron Address 

Distance Calculator [35] and ZIP Distance Calculator [36]. The zip codes of two 

locations are the input parameters of the distance services while the distance between 

them in mile is the returned result. Again, we suppose the two distance services 
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already enroll in agent fabric. In this case, a decentralized orchestration is adopted to 

enhance service autonomy and reduce service composition complexity. That is, the 

composition logic is segmented into three D-BPEL programs which are deployed on 

the agents of weather, travel and distance services, separately. In this decentralized 

manner, Trip On-demand only collects end user’s input parameters and showing the 

final result of travel routes, instead of receiving all mediate results and control all 

business logics. As shown in Fig. 4(b), the application sends user request to a weather 

service to select a period of time with good weather condition at travel destination 

first. Then, travel service is directly called by weather service to select appropriate 

travel routs according to the time constrains. Sequentially, the recommended travel 

routes are passed to distance service to calculate distances between any two 

attractions. Finally, the travel route with the optimal attraction order is returned to the 

application. In whole process, no central controlling BPEL is needed and the 

redundant data transmissions are moved.  

In the three use cases, we simulated the composition of the real web services on the 

Internet. All service invocations are brokered by autonomous agents, whether they 

have SOAP interfaces, REST APIs or just HTTP requests. The experiments show the 

proposed fabric is effective and easy-to-use for web service autonomy and 

composition. Meanwhile, this fabric also provides a semi-open ecosystem for cross-

organization collaborations, which is well governed and can be easily scaled out. 

5   Related Works 

Service oriented computing (SOC) is an emerging cross-disciplinary paradigm for 

distributed computing that is changing the way software applications are designed, 

architected, delivered and consumed. The basic disciplines of SOC were addressed in 

many literatures. In [1], Thomas Erl gave a good summarization of service 

orientation. Service Oriented Architecture (SOA) is a form of distributed system 

architecture, and its six typical properties are consolidated by W3C working group of 

web service architecture [13]. Services are autonomous and platform-independent 

computational elements that can be used to build networks of collaborating 

applications distributed within and across organizational boundaries. An agent is an 

encapsulated computer system that is situated in some environment and that is 

capable of flexible, autonomous action in that environment in order to meet its design 

objectives. A software agent is a piece of software that autonomously acts to perform 

tasks on user’s behalf [6]. Agents are often viewed as the synonymous of services in 

principle. However, agent is a broader concept. In [14], the notion of agent-based web 

services (AWS) is proposed, including architecture and meta-model and integration. 

The key challenge is to develop an integration framework for the two paradigms, 

agent- and service-oriented, in a way that capitalizes on their individual strengths. 

There are a series of workshops (WSABE/SOCABE) are bringing SOC (or web 

services) and agent areas together in recent years [15, 16, 17]. The point of 

convergence between these two fields allows us to choose the paradigm of 

cooperative agents to model e-business applications. 

The faculty of agent enables enterprise set up efficient communication mechanism 

and relationship with their customers, their suppliers and their partners. Multi-Agent 
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System (MAS) has been applied to e-Business field for application coordination and 

control in an autonomous way. In [15], the agents are used as proxies that assist web 

services selection according to some criteria. The web services composition also can 

leverage agent system [16]. The CB-SeC framework [17] is another sample of agent-

based architecture that provides service selection and composition in pervasive 

computing environment. In [18], context-aware agents are introduced to sense the 

context (such as computing resources, user type and physical environment) and 

optimize service composition. On the other hand, SOC applications require traditional 

MAS more open for cooperation purpose. In [19], a cooperative multi-agent 

architecture is proposed, based on which a better solution is formed by integrating 

web services [20]. Furthermore, a multi-agent based framework is built to facilitate 

testing web services in a coordinated and distributed environment in [21]. 

Service modeling is an inevitable problem to build SOA. A variety of service 

models have been defined from different perspectives, such as the ones in [22] and 

[23]. The report [22] urged that a service needs to be managed throughout its 

lifecycle, and that service management should not be a consideration that is limited to 

deployed services. Web services are self-contained and self-describing modular 

applications that can be published, located, and invoked across the web. Web Services 

are the current most promising technology for SOA. WSDL is a basic meta-model for 

web service description, which is the key to making web service applications loosely 

coupled. WSDL defines the interfaces and methods necessary for accessing the web 

services. UDDI (Universal Description, Discovery and Integration) [11] is also a meta 

model as an industry standard that allows businesses to describe and register their web 

services, as well as discover the services that fit their requirements. In recent years, 

semantic web technologies are employed to enhance the description capabilities of 

web services, such as OWL-S (Web Ontology Language for Services) [24]. The 

OWL-S is the ontology of services and designed for the communications among 

applications that need to process the semantic information content. To combine 

different description models is a trend for future web services. The literature [25] and 

[26] give a good reference for the integration of OWL-S with UDDI, and WSDL with 

UDDI, respectively, while the relationship between WSDL and OWL-S is described 

in [24].  Due to the high complexity in SOA, service monitoring is a challenging 

issue. One of fundamental problems is QoS tracing, which has been investigated by 

many research works, especially in workflow area. For example, In [27], a QoS 

oriented framework: WebQ was presented, which is composed of several QoS 

parameters, such as latency, throughput, reliability, availability, cost, etc. On the other 

hand, information systems are becoming increasingly autonomous, so that the service 

composition begins to move to the decentralized from central controlling. Benatallah 

et al. describe a peer to peer execution pattern for orchestrating web services to 

overcome the bottleneck associated with having a centralized controller [28]. In this 

work, we realized a decentralized BPEL execution mechanism in agent by employing 

the BPEL partition technique in [12].  

To sum up, the problems involved in this paper, such as, the service autonomy, 

agent-based architecture, service composition, etc. are addressed more or less by other 

research work. However, systematical solution of service autonomy is not 

investigated sufficiently. Colombo project [29] tried to build a comprehensive 

platform for service-oriented applications to provide deep exploratory of how 
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middleware can address the requirements of the SOC paradigm. However, Colombo’s 

approach is to build a native web services runtime and programming model focused 

on the execution and development of service-oriented applications. In contrast, our 

work focuses on the most distinctive feature of SOC: autonomy, and seeks for a 

feasible solution by combining cross-disciplinary methodologies, including SOA, web 

services, agent system and instant messaging technologies.  

6   Conclusions 

In this paper, we present an end-to-end solution for service autonomy. Based on 

service lifecycle management, a lightweight autonomous agent fabric is built over 

XMPP messaging architecture. We apply this framework to web services, and justify 

its values by three user cases. The rationality and feasibility of the system has been 

validated through the simulation results. It is an interesting attempt to combine the 

strengths of SOA, web services, agent system and instant messaging technologies. We 

believe that the keys to the next-generation web are cooperative services, system trust, 

and semantic understanding, coupled with a declarative agent-based infrastructure. 

Furthermore, the proposed agent fabric could be more concise if we abstract a 

middleware with common functions from software engineering perspectives. 

However, it is beyond the scope of this paper.  
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Abstract. In Service-Oriented MAS middle agents provide different
kinds of matchmaking functionalities. If no adequate services are avail-
able for a specific request, a planning functionality can be used to build
up composite services. In order to take advantage of recent advances in
the field of AI planning for this purpose, we propose exploiting organi-
sational information of Service-Oriented MAS to heuristically filter out
those services that are probably irrelevant to the planning process. We
present a novel framework for service-class based filtering and show how
it can be instantiated to a particular MAS domain based on role and
interaction ontologies.

1 Introduction

Services are computational entities that can be described, published, discovered,
orchestrated and invoked by other software entities. When the management of
services is realised by agents, the term service-oriented MAS has become popular
[11,12].

Service-oriented architectures usually include directory services that service
providers register with. A request for a service with desired characteristics often
results in a matchmaking process based on the profiles stored in the directory.
In service-oriented multiagent systems, this functionality is typically offered by
middle-agents [6].

Even if no adequate services are found in this manner, it is still possible to
build up composite services by purposefully combining several pre-existing ser-
vices. In order to cope with this challenge, a middle-agent needs to be endowed
with a planning capability that receives service profiles as input and orchestrates
them in a desired manner. The service composition planning problem has sub-
tle differences with the classical AI planning problems, in particular as service
composition plans need not be very deep but, in turn, can be built up from a
vast number of services (operators) that are usually registered in the directory.
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This is particularly the case in open large-scale service-oriented MAS, where a
pure AI planning [14] approach can become impracticable.

In order to still take advantage of the recent advances in the field of AI
planning, we suggest to reduce the set of input services that are passed on to an
agent’s composition planning component. In particular, in this paper we show
how to make use of the organisational structure underlying a MAS in order to
heuristically filter out those services that are probably irrelevant to the planning
process.

The paper is organised as follows. We first describe a generic framework for
service-class based filtering. We then show how in service-oriented MAS this
service class information may be obtained from role and interaction taxonomies
that are derived from the MAS organisational model. Our approach is illustrated
in the emergency healthcare domain of the European IST project CASCOM [2,9].
Finally, we present the lessons learnt from this enterprise and point to future
lines of work.

2 Generic Filtering Framework

In this section we first give a birds-eye view of our approach to service filtering for
composition: setting out from an ideal situation, we outline the major difficulties
that need to be overcome, so as to motivate our service filtering mechanism. The
details of the process are described in subsequent subsections.

2.1 Overview

At a high level of abstraction, the service composition planning problem can be
conceived as follows: let P = {p1, p2, ..., pm} be the set of all possible plans 1 for
a given service request R, and D = {s1, s2, ..., sn} the set of input services for the
proper service composition planner (i.e. the directory available). The objective
of a filter F is to select a given number l of services from D, such that the search
space is reduced, but the best plan of P can still be found.

In an ideal situation with complete information (i) the set of all plans P is
known and (ii) the quality of each plan can be evaluated (obviously, the plan
that requires the least number of services is not always the one that best matches
a query). In this case, the set of services returned by the filter should include
all the services of the best plan (as well as some others until the number of l
services is reached). However, it is obvious that this ideal case is not realistic
since the problem would be already solved (i.e. the plan of maximum quality is
supposed to be known beforehand).

In a next step, suppose that it is not possible for the filter to evaluate the
quality of the plans in P . In this case, if the number of services necessary for
the execution of all plans in P is bigger than the number of services l that are

1 We consider a plan as a composition of two or more services connected by some
control constructs such as sequence, if-then-else, and so on. In particular, we rely on
the OWL-S service model.
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allowed to pass our filter, the latter should make sure that the pruning of the
search space for the planner is minimal. Put in another way: the bigger the subset
of plans P ′ ⊂ P that the planner can choose from, the bigger the probability
that the plan of maximum quality is among them. Therefore, the filter should
select those services that maximise the cardinality of P ′, i.e. that maximise the
number of plans from P that are available to the planner. A good heuristic to
this respect is based on plan dimension and on the number of occurrences of
services in plans: a service is supposed to be the more important, the bigger the
number of plans from P that it is necessary for, and the shorter the plans from
P that it is required for.

Again, it is unrealistic to assume complete information respecting the set
of plans P for a given query R in general, and respecting their length and
number of occurrences of services in them in particular. Nevertheless, we can
approximate this information by storing and processing previously created plans.
So, in principle, we can build up matrices as the shown in Table 1 for every
possible query. In the example, for some query R, service s2 was part of 10 plans
composed by two services and 55 plans formed by 3 services. In the example,
the matrix also stores the number of plans generated of each dimension.

Table 1. Example of information about historical plans

Historical information about plans for a service request R

Dimension 1 2 3 ...

# of plans 0 50 70

s1 0 7 24

s2 0 10 55

s3 0 13 10

s4 0 17 11

...

However, it soon becomes apparent that the number of services and possi-
ble queries is too big to build up all matrices of the above type. The memory
requirements would be prohibitively high and the filtering process would be-
come computationally too expensive. Furthermore, the continuous repetition of
a very same service request R is rather unlikely. And, even more important, this
approach would not be appropriate when a new service request (not planned
before) is required (which, in fact, is quite usual).

To overcome this drawback, we assume the availability of service class infor-
mation, so as to cluster services based on certain properties. So, there will only
be matrices for each class of service request (query), and the matrix information
stored for classes of services instead of services. If the number of classes is not
too big, the aforementioned approach becomes feasible computationally.

Service classes need not be disjoint. In particular, for service advertisements
we may specify that a service belongs simultaneously to several different classes,
and for service requests we allow a formula in disjunctive normal form (i.e. a
disjunction of conjunction of classes)[7].
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Figure 1 depicts the structure of our approach to service composition filtering.
With each outcome of a service composition request, a Historical Information
Matrix H (an abstraction of Table 1) is updated. Setting out from this informa-
tion, a Relevance Matrix v is revised and refined. Based on this matrix, service
relevance can be determined in a straightforward manner. For each service com-
position request, the filtering method is based on this estimated service relevance
function.

Fig. 1. Architecture of the filter component

2.2 Obtaining the Relevance Matrix

We now describe how the relevance matrix v(s, r) can be obtained from past
plans. We first describe how the information about plans is stored and how
the relevance matrix is calculated from this information. Then, we propose a
method to refine the relevance matrix. Finally, several options for bootstrapping
are described.

Historical Information About Plans. The relevance matrix v represents the
estimation of a service class s to be included in a (the best) composite plan to
provide the requested service class r. In order to create the relevance matrix we
set out from a set of plans (composite services) that were created in the past. We
deal with simplified versions of those plans. In particular we are only interested
in the classes of services that compose every plan. More precisely, for each plan
we use the following information:

a) Request classes expression (disjunctive normal form) included in the request.
We denote CR1, CR2, ..., CRn the classes included in that expression.

b) Plan dimension and classes: the set of classes PC = {CP1, CP2, ..., CPm}
obtained after mapping the services included in the composite plan.
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The information about past plans created is stored in a matrix similar to
Table 2 (adapted from Table 1 by considering classes instead of services, and
where, for instance, services s3 and s4 have been clustered in class C3). Matrixes
HR of this type exist for every service class R.

Table 2. Example of class information about historical plans

HR: Historical information about plans for service class R (Request)

Dimension 1 2 3 ...

# of plans 0 50 70

C1 0 7 24

C2 0 10 55

C3 0 30 21

...

The information in this table is computed as follows. If only one service class
is included in the request expression the value of the “# of plans” and every
class of PC is incremented by one, for that plan dimension2.

However, when more than one class are present in the request expression,
things are not that simple. The problem is that, when there is more than one
class in the request, it is not straightforward to determine the parts of the request
that the service (classes) of the composite plan are relevant for.

In the case of a conjunction expression (e.g. CR1 ∧ CR2), we assume that all
the classes in the plan are relevant for both CR1 and CR2, since both conditions
must be fulfilled. However, in the case of a disjunction this is not the case. For
instance, if the request expression is (CR1∨CR2) and the plan includes the classes
{CP3, CP4, CP5}, it is not clear whether these three classes are participating in
providing both CR1 and CR2, or if, for instance, CP3 and CP4 are relevant for
CR1, and CP5 only for CR2. In this last case we decrease the possible negative
impact of adding one unit to the wrong class by weighting the contribution of
the plan information by the inverse of the number of terms in the disjunction
expression. For example, suppose a query (request expression) of the following
shape: (CR1 ∨ (CR2 ∧ CR3) ∨ CR4). Furthermore, assume that the classes of
services required by the plan (composite service) that have been determined
to best match this query are PC = {CP1, CP2}. According to our model, the
dimension of that plan is 2, and the historical matrixes corresponding to the
four classes in the request expression (CR1, CR2, CR3, CR4) are updated in
line with this. In particular, the values of HCR1(“# of plans”,2), HCR1(CP1, 2),
HCR1(CP2, 2), HCR2(“# of plans”,2), HCR2(CP1, 2), HCR2(CP2, 2), and so on
for HCR3 and HCR4 , are incremented by 1

3 as the number of disjunctive terms in
the query is 3. Figure 2 shows the algorithm for updating the historical matrix.

2 As all services need to be available for the plan to be executable, every service class
has the same relevance for the plan, independently of whether one or several services
of that class are used by the plan.
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Fig. 2. Historical information matrix update algorithm

Calculus of the Relevance Matrix. As commented above, by ranking ser-
vices we try to select a set of services that covers the largest subset of the plan
space, as an attempt to maximise the chance of the best plan to be contained in
it. Services that formed smaller plans in the past are considered more relevant,
since it is easier to cover small plans than large ones, so with less services more
plans can be covered.

We use the following function to aggregate the information about plans (re-
member that all this information is about a single request class R):

Relevance(C, R) =

m∑

d=1

nd

dc

m∑

d=1

Nd

dc

(1)

where d is the dimension of the plan, m is the dimension of the longest plan
stored, nd is the number of times that C was part of a composite plan of dimen-
sion d for the request R, and Nd is the total number of plans of dimension d
(“# of plans”) for that request. Note that each appearance of class C in a plan
contributes to the relevance value, and that this contribution is the higher the
smaller the plan dimension. c is a constant > 0 that allows adjusting the level
of importance of plan dimensions.

In the example of Table 2,

Relevance(C1, R) =
7/2 + 24/3

50/2 + 70/3
= 0.24 (2)

With this calculus we obtain a relevance value between 0 and 1 for every given
service class C with respect to the composition of a service of class R.
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Refining the Relevance Matrix. The matrix v(s, r) specifies the relevance
of a service class s to be part of a plan (composite service) that matches the
query for a certain service class r. However a situation like the following may
occur: Suppose that a plan that achieves C1 is searched for, and that a potential
solution is to compose the services C2 and C3 (C2 ⊕C3 for short). However there
is no service provider for C3, but instead C3 can be composed as C4 ⊕ C5 ⊕
C6, so the final plan is C2 ⊕ C4 ⊕ C5 ⊕ C6. Unfortunately, the value v(C4, C1)
is low and the service providing C4 is discarded and not taken into account
in the planning process, so the aforementioned plan cannot be found by the
planner. Therefore, we will refine the relevance matrix by taking transitivity into
account, e.g. through the following update: v(C4, C1) = v(C4, C3)·v(C3, C1). The
same holds for third-level dependencies (e.g.: v(C7, C1) = v(C7, C4) · v(C4, C3) ·
v(C3, C1)). This example motivates the definition of the vk(s, r) as a k step
relevance matrix

v1(s, r) = v(s, r)
vk(s, r) = Max(vk−1(s, r), vk−1(s, s1) · vk−1(s1, r),

vk−1(s, s2) · vk−1(s2, r), ..., v
k−1(s, sn) · vk−1(sn, r))

(3)

As shown in the equation, we use the product as combination function and the
maximum to aggregate the results. Note that, taking transitivity into account
appears to be in conflict with the general idea behind our plan dimension heuris-
tics (several refinement steps implicitly consider higher plan lengths). However,
the way in which relevance is propagated (product) helps to penalize longer
plans as the final relevance value is decreased (or, exceptionally, maintained if
the relevance is 1) after each product.

Table 3 shows a relevance matrix for this example. In that case, v(C4, C1) =
0.1, but v2(C4, C1) = v(C4, C3) ∗ v(C3, C1) = 0.8 ∗ 0.7 = 0.56.

Note that the higher the value of k the better the estimation of the relevance
of service classes. The refinement of the relevance matrix is repeated until it
converges (i.e. pk+1(s, r) = pk(s, r)) or until a timeout is received. The elevated
time complexity of O(n3) for each refinement step is attenuated by the anytime
properties of the approximation algorithm. Furthermore, recall that the number
of classes n is supposed to be fixed and not overly high. Finally, note that
several updates and refinements can be combined into a “batch” to be executed
altogether when the system’s workload is low.

Bootstrapping. There are several ways of obtaining the initial relevance
matrix:

a) If there are historical records of plans they can be used to calculate the
matrix.

b) An a priori distribution can be assigned using expert (heuristic) knowledge.

c) The planner can work for a while without filtering services until the number
of plans generated is considered representative enough. Then the relevance
matrix is calculated and refined.
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Table 3. Example of relevance matrix

v Requests
C1 C2 C3 C4 C5 C6 . . . Cn

C1 0.9
C2 0.8 1
C3 0.7

Services in C4 0.1 0.8
directory C5 0.5

C6 0.6
. . . . . .
Cn

These options can also be combined. For instance, the heuristic a priori dis-
tribution can be combined with the historical database as the starting matrix.
In addition, if that matrix is supposed to be insufficiently informed, then it may
be completed with option c).

2.3 Service Relevance Calculus

In this subsection we describe how the relevance of a service S for a request R
is calculated using the relevance matrix v.

The first step to calculate the relevance of a service s for a request r is the
mapping of both to classes of services. Then, the relevance between the classes
is calculated. We will use the following notation:

v(s, r): relevance of class s for the class r in the request, and
V (S, R): relevance of service S for the service request R

Depending on whether the services are mapped to one or several classes we apply
the following.

1. The simplest case is a request R that only includes a class (r) in its descrip-
tion. Two cases are possible:

(a) The service S only belongs to one class (s): in this case V (S, R) = v(s, r)
(b) The service S belongs to several classes (s1, s2, ..., sn): in this case we

take the highest relevance of the different classes, i.e.
V (S, R) = max(v(s1, r), v(s2, r), ..., v(sn, r)). Again, although more so-
phisticated functions are conceivable, we use the maximum for aggrega-
tion as it is easy to compute and intuitive for humans.

2. The request specifies a logical expression containing several classes of services
(r1, r2, ..., rm). Now, again we have two cases:

(a) The service S only belongs to one class (s). We evaluate logical formulas
using the maximum for disjunctions and the minimum for conjunctions.
For example, if the request R includes the formula r1 ∨ (r2 ∧ r3), then
V (S, R) = max(v(s, r1), min(v(s, r2), v(s, r3))).
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(b) The service S belongs to several classes (s1, s2, ..., sn). In this case we
combine the two previous options: the request formula is evaluated by
decomposing it as in 2a); inside the expression the maximum is used to
aggregate the service classes specified by the provider. For instance, if
in the last example the service S belonged to the classes s1 and s2, the
calculus would be:
V (S, R) = max[max(v(s1, r1), v(s2, r1)), min(max(v(s1, r2), v(s2, r2)),
max(v(s1, r3), v(s2, r3)))]

Figure 3 shows the algorithm to calculate the relevance of a service S for a
request R. This is done by the ServiceRelevance function. This function uses the
SingleRelevance function, which returns the relevance of the service advertise-
ment S for one single request’s class r. As described before, the request may not
only include a class of service but also an expression (a disjunction of conjunc-
tion of classes). The two loops decompose that expression, using the minimum
as combination function for the values in a conjunction and the maximum for
disjunctions. Assuming that the maximum number of classes that a service can
belong to is negligible, the time complexity of the algorithm is linear in the
number of literals in the query.

Fig. 3. Service relevance algorithm

2.4 Types of Service Composition Filters

When a service request is analysed by our filter, the set of services are first
ranked by an estimation of the relevance of the service class for that request.
Then, only the services belonging to the best ranked classes are passed on to the
planner.

In order to determine the concrete services that pass the filter we consider
three major options:
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a) To establish a threshold and filter out those services whose classes have a
degree of relevance lower than that threshold.

b) To return the estimated k best services based on the relevance of their cor-
responding classes. In this case the number of services that pass the filter is
pre-determined.

c) To return a percentage of the original set of services (based on the relevance
of their corresponding classes). In this case the number of services considered
in the planning process depends on the directory size.

When designing the algorithms corresponding to these filters configurations,
an additional problem needs to be taken into account. Services with low (or even
zero) relevance values would never be considered for planning, so they could never
be part of a plan (composite service), remaining with low relevance forever. This
is obviously too restrictive, as our relevance values are only estimations based
on the information available at some point in time. To overcome this we allow
some services to be fed into the planner even though they are not supposed to
be relevant enough according to the filter policy. Those additional services are
chosen randomly. This random option is combined with the three aforementioned
filter types to allow for an exploration of the service (class) space.

3 Role-Based Filtering

In the following we outline how our filtering framework can be effectively applied
to service-oriented MAS. We show how the organisational model underlying MAS
can be used as a source for the information that filters rely on. In particular,
in line with common agent-oriented design methodologies [20], we use particu-
lar parts of such models, namely roles and interactions, as the key abstraction
mechanisms for our approach [15,18].

To illustrate our method, we will rely on the description of the work done
within the CASCOM project [9]. CASCOM aims at providing business applica-
tion services, provided by intelligent agents, in dynamically changing contexts of
open, large-scale, and pervasive environments. It puts forward a service-oriented
MAS architecture for the medical emergency assistance domain that relies on
OWL-S service descriptions.

In many service-oriented systems agents act as mere wrappers for web ser-
vices. In this case, the difference between a web service and a service provided by
an agent boils down to a matter of interface: agents provide access to an imple-
mented web service by a process of wrapping the service within an ACL interface
so that its invocation can be solicited by other agents through an adequate (re-
quest) message. However, in MAS agents should not only be able to execute a
service but can also to engage in different types of interaction with that service, in
the course of which they may play several roles. For example, in a medical emer-
gency assistance scenario, an agent providing a second opinion service should
not only be able to provide a diagnostic; it may also be required to explain it,
give more details, recommend a treatment, etc. Therefore, a service provider may
need to engage in several different interactions during the provision of a service.
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In the next subsection, we will use the CASCOM example to outline how an
ontology of the types of interactions that unfold within a service-oriented MAS
can be obtained. We then show how these ontologies can be used to build up
role-based service composition filters. The CASCOM example is used again to
sketch how such a component can be integrated with an AI planner into a service
composition planning agent.

3.1 Use Case Analysis

Setting out from a subset of the RICA organisational model described in [15], we
first analyse different use cases of the application domain scenario. For each use
case, we identify the types of social interaction as well as the roles (usually two)
that take part in that interaction. The next step is an abstraction process in
which the social (domain) roles/interactions are generalised into communicative
roles/interactions.

Consider a second opinion use case in the healthcare domain [3]. In this sce-
nario, the patient (or the physician of a local emergency centre) can ask an
external health professional for a diagnosis on the basis of the symptoms and
the medical records of the patient, like exams and past diseases.

A typical “conversation” between the patient and the health professional can
be modelled by a sequence of (communicative) actions between the two agents
involved. The patient asks the health professional for an opinion, providing the
symptoms and the medical records. If there is insufficient information, the health
professional requests additional information (possibly several times) and finally
gives his advisement. If the provided diagnosis is not sufficiently clear, the patient
can also solicit an explanation.

Starting from this conversation we can isolate 3 different interactions: (i) the
second opinion exchange, which can comprise (ii) a detailed information exchange.
When the second opinion exchange finishes, an explanation (iii) can occur.

The next step is an abstraction process in which, for instance, the role Sec-
ondOpinionRequestee can be generalized into a MedicalAdvisor role, which in
turn can be generalized into an Advisor role. Similarly, the SecondOpinion in-
teraction can be generalized in a MedicalAdvisement interaction and then in an
Advisement interaction, in which the Advisor informs the Advisee about his be-
liefs with the aim of persuading the Advisee of the adequacy of these beliefs.
With this process the taxonomy is refined to become more generic, so that the
concepts that are individuated can be reused for other scenarios and application
domains. The result of this analysis is a basic ontology of roles.

From the use case scenarios, we have derived an ontology that contains a
taxonomy of types of interactions, and a taxonomy of roles that take part in
those interactions [7].

3.2 Role-Based Filter

The class-based semantic service composition filter described in the previous sec-
tion can be refined based on the information provided by the role and interaction
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ontologies. The idea is to relate roles searched in the query to roles played by
agents in the composite service, that is, the roles typically involved in a plan
when a role r is included in the query. For example, it is common that a med-
ical assistance service includes travel arrangement, arrival notification, hospital
log-in, medical information exchange and second opinion interactions.

Following the CASCOM approach, we use the OWL-S service parameter field
to annotate service descriptions with information related to the roles and inter-
actions in which the service provider agent can engage. Each service provider
can advertise a set of possible roles from the role ontology that it can play.
Similarly, in service requests it is allowed to specify the roles searched from
the role ontology as a logical expression in disjunctive normal form. In [3], the
role and interaction annotation procedure for service advertisements and service
requests is explained in further detail. Still, for the purpose of this paper, we
just need to map each role from the ontology to a service class of the filtering
framework.

In our role based modelling approach, we use a role taxonomy that is supposed
to be static over significant amounts of time. Still, the ontology can be extended
to include new roles and types of interaction not considered before. In that case,
the relevance matrix is updated with new rows and columns for those new roles.
The relevance values for those new roles are unknown initially, but this can be
overcome by randomly including some services with low relevance (as outlined in
section 2.4) and, in general, by applying the bootstrapping techniques described
in section 2.2.

3.3 Service Composition Planning Agent

We have implemented our role-based filter mechanism in JAVA on top of a P2P
extension of the JADE agent platform [5]. Together with OWLS-XPlan [13],
a heuristic hybrid search AI planner for the composition of OWL-S services
(based on the well-known FF-planner [10]), it is part of the Service Composition
Planning Agent (SCPA), a key part of the CASCOM abstract architecture [4].
Figure 4 shows the architecture and context of the SCPA.

SCPAs are capable of creating value added composite services that match
specific service specifications. Once SCPAs receive service specifications from
Personal Agents (PAs), they ask Service Discovery Agents (SDAs) to look for
existing services in a given domain, constrained to the current context, and plan
a composite value added service matching the received service specification. The
generated plans are forwarded to Service Execution Agents (SEA), which manage
the execution of the composite services. In addition, the plan and the original
request are passed on to the filter component to update the historical information
about plans.

The performance of the CASCOM approach in general, and the adequacy
of the SCPA composition planning approach based on an AI planner and con-
figurable, adaptive, service class based composition filters in particular, will be
evaluated during a field trial in the medical emergency assistance domain.
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Fig. 4. SCPA architecture

4 Conclusions

In this paper we have presented a filtering method for semantic service composi-
tion. This approach enables us to effectively apply recent AI planning techniques
to semantic service composition by reducing the (potentially huge) set of input
services that are passed on to the planner. For this purpose, we make use of ser-
vice class information, so as to cluster services based on certain properties. We
have argued that how this information can be obtained from the organisational
structure underlying service-oriented MAS. In particular, based on real-world
use cases of the CASCOM project, we have derived role and interaction ontolo-
gies that are used for the efficient caching and processing of plan information.
Finally we sketched how such a role-based filter component can be integrated
into the architecture of the CASCOM service-oriented MAS.

There is currently a limited number of composition planning approaches based
on OWL-S (e.g. [8,16,17,19]). However, they are geared towards standard service-
oriented architectures. To the best of our knowledge none of them makes use of
organisational information within a service-oriented MAS to filter services.

In the near future we will perform a more quantitative evaluation of this
approach as part of the CASCOM field trial. We will also compare the per-
formance of our role-based method to other semantic service composition filter
instantiations. In particular, we will look into the use of OWL-S Service Cate-
gory information for determining the service class information required by the
filter. Future work will investigate how to incorporate quality of service and trust
mechanisms [1] into our approach.
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2. Cáceres, C., Fernández, A., Ossowski, S.: CASCOM - Context-aware Health-Care
Service Coordination in Mobile Computing Environments. ERCIM News 60 (2005)
77-78



Semantic Service Composition in Service-Oriented MAS 91
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Abstract. In industry, people who design business processes are often
different from those designing the technical realization. Also, they gener-
ally use different languages, such as BPMN on the one hand and UML on
the other. While agents are theoretically suitable for designing and im-
plementing business ideas, multi-agent methodologies are generally not
geared towards them.

In this paper, we describe the first step of mapping business process
diagrams to agent concepts. To this end, we present a graph based rep-
resentation of BPMN together with structural and semantical analysis
methods. These provide the necessary formal grounding for the mapping
we have in mind.

1 Motivation

The last couple of years have seen an increasing interest in service oriented archi-
tectures (SOA) and business process modelling. While SOA is certainly a hype
within industry, there are a number of features that have been researched within
the agent community for many years. On the other hand there are quite a few
things that the agent community can learn from SOA in general. One of these
in our view is the focus on process models, and the use of graphical notations.
The graphical design of workflow and interaction protocols provides highly de-
sirable advantages. An intuitive representation enables a broad range of persons
to become a clear understanding, what a diagrams objective is, without being
familiar with a specialized definition language. On the other hand, graphical
languages often lack in providing a defined semantic. Any use, which relies on a
distinct meaning of a particular diagram, e.g. the mapping to formal languages,
code generation or validation, is difficult or even impossible.

Our aim is to take the good things from SOA related research and adapt them
to agents. In particular, we want to map graphical notations to agent systems. In
order to do this however, we need a firm formal basis for the graphical notation.
We have chosen the Business Process Modeling Notation (BPMN), which is
intended to define business processes. In industry as well as academic research
this language is of increasing interest. One reason for that is its simple, but
expressive set of notations. This makes it adequate for non-experts equipped with
domain knowledge to design business processes within their domain. Although
there are other well studied graphical languages which have a formal semantics,
they are often not the first choice for system or process design.

J. Huang et al. (Eds.): SOCASE 2007, LNCS 4504, pp. 92–106, 2007.
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However, up to now, the semantic of BPMN is not formally defined. Therefore,
this work describes the first step towards a mapping from BPMN to agents, as
it addresses the topic of defining a formal syntax and semantic of BPMN with
respect to business models. On top of this, validation of diagrams is presented,
which can handle inconsistencies in both, syntax and semantic. The validation
is grounded on well studied theories for petri nets, such that we can apply
the theoretical results given there. As a result, we obtain a language, that is
easy to understand and usable within a broad spectrum of applications. Future
work will describe a mapping of the normalized BPMN diagrams to our agent
framework.

This paper is structured as follows: Section 2 provides some informal back-
ground on the BPMN language. In Section 3, the BPMN is formally defined
as graph structure, a normal form is presented, and a transformation to a cor-
responding petri net variant is shown. At the end, we discuss properties and
analysis methods. We conclude this paper with a comparison of similar work
(Section 4) and some final remarks (Section 5).

2 BPMN

The Business Process Modeling Notation specification [1], which is maintained
by the Object Management Group, is a graphical notation for describing various
kinds of processes. The main notational elements in BPMN are FlowObjects,
that are contained in Pools and connected via Sequence- and MessageFlows.
They subdivide in Events, atomic and composite Activities and Gateways for
forking and joining. SequenceFlows describe the sequence in which the several
FlowObjects have to be completed, while MessageFlows describe the exchange of
messages between Pools. Thus, BPMN combines the definition of local workflows
and interaction protocols between them.

An example diagram is shown in Figure 1. It models the interaction be-
tween a patient and a doctor (adapted from [1]). Here, the patient requests
a prescription, which he receives in the next task. This is modelled as an activ-
ity (rounded rectangle) with an outgoing message (dashed arrow). The doctors
workflow includes the corresponding reception of the request, whereafter it be-
gins to do two things in parallel (the gateway-diamonds enclose the parallel
activities). In the first branch, the prescription is filled out and send to the
patient, in the other some accounting tasks are executed, which are contained
in a subprocess. Finally, both processes are enclosed in Start- and End-Events
(circles).

As can be seen, the meaning of the diagram can be understood intuitively and
without any specific knowledge about the semantics of BPMN by human. This
strength is relativized in that BPMN is more a graphical notation than a formal
one, which is required for automatic interpretation. Although the specification
includes some semantics and even defines a mapping to WS-BPEL (see Chap-
ter 11 of the specification [1]), much of the semantics is especially tailored for this
mapping and the focus of the specification is clearly the visual representation.
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Fig. 1. BPMN example diagram

3 Validation of BPMN

Because of BPMN’s visual nature, it allows to define simple interactions quite
easy, but for sophisticated and complex designs, additional tool support is in-
dispensable. Therefore we propose a validation process for BPMN diagrams
(BPDs), which consists of a number of steps. First, diagrams are verified to
satisfy certain structural conditions. To this end, a normal form is introduced
in the next Subsection, which allows for checks of structural correctness. There-
after, we propose a semantic analysis of the normalized diagrams based on petri
nets, which will locate inconsistencies in a defined workflow and protocol in Sub-
section 3.2. Finally, we discuss the results which were obtained from applying
the petri net approach in Subsection 3.3.

3.1 Normalized Business Process Diagrams

Because of the variety of semantically equivalent syntax of BPMN constructs,
we define a normal form of BPDs. This is an extension of the approach taken in
[2], which defines a subset of the complete language as a Core BPD. However, for
the scope of this work, which includes the multi-agent case as well, this definition
is too restrictive, because it is limited to a single process. In the first instance, a
Business Process Diagram is defined as the following graph structure:

Definition 1. (BPD-Graph) - Let BPD = (O, F, src, tar) be a graph with

– O — the set of nodes (objects) in the BPD-Graph.
– F — the set of edges (message and sequence flows) in the BPD-Graph.
– src, tar : F → O two functions, which identify the source and target objects

of each edge.
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In order to define the structure of a normalized BPD-Graph, some additional
notations are required for the nodes, edges and relations of the graph. Let O be
partitioned into the disjoint subsets OE , OA, OG, OP , where

– OE — the set of event-nodes, which can be further partitioned into the
disjoint subsets OE

S , OE
E , OE

I , i.e. start–, end– and intermediate events.

– OA — the set of activity-nodes, which can be further partitioned into the
disjoint subsets OA

At, O
A
Sub, i.e. the atomic activity nodes and the subprocess

nodes1.

– OG — the set of gateway-nodes, which can be further partitioned into the dis-
joint subsets OG

S and OG
M , i.e. the splitting and the merging gateway nodes.

These can again be partitioned into the subsets for exclusive (XOR), inclu-
sive (OR) and parallel (AND) split and merge gateways (OG

S,X , OG
S,O, OG

S,A,

OG
M,X , OG

M,O and OG
M,A).

– OP — the set of pool-nodes.

Next, let F be partitioned into the two disjoint subsets FS and FM , i.e. the set
of sequence and message flows. The functions srcS , srcM , tarS and tarM are
defined equal to the src and tar functions, but restricted to given domains FS

and FM . Finally, the following functions are given:

– parent : O → O, where parent(o) returns the object in which o is located
in. If o ∈ OP , it is defined as identity function.

– contains : O → {O}, where contains(o) retrieves the set of contained nodes.
If o /∈ OP , it holds that o ∈ contains(parent(o)).

– pool : O → OP , which returns the pool (the most top-level element of a
workflow), in which a node is contained. This function is defined recursively
with the parent function.

Now the Normalized BPD-Graph is defined as follows:

Definition 2. (Normalized BPD-Graph) - A BPD-Graph is said to be normal-
ized, iff it satisfies the following conditions:

– ∀f ∈ FS : tarS(f) /∈ OE
S , i.e. start elements have no ingoing sequence edges.

– ∀f ∈ FS : srcS(f) /∈ OE
E , i.e. end elements have no outgoing sequence edges.

– ∀o1, o2 ∈ OE
S : parent(o1) = parent(o2) ⇒ o1 = o2, i.e. for each (sub-)

process, there exists a unique start node.

– ∀o1, o2 ∈ OE
E : parent(o1) = parent(o2) ⇒ o1 = o2, i.e. for each (sub-)

process, there exists a unique end node.

– ∀o ∈ O\(OE
E ∪ OP ), ∃f ∈ FS : srcS(f) = o, i.e. each node (except end nodes

and pools) has an outgoing sequence.

– ∀o ∈ O\(OE
S ∪OP ), ∃f ∈ FS : tarS(f) = o, i.e. each node (except start nodes

and pools) has an ingoing sequence.

1 Atomic activities are all those which do not contain any other nodes directly. This
holds also for reference sub-processes.
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– ∀o ∈ (OA ∪ OE
E ∪ OG

S ∪ OE
I ), ∃!f ∈ F : tarS(f) = o, i.e. each node of

type activity, end-event, intermediate-event or split-gateway has exactly one
ingoing sequence.

– ∀o ∈ (OA ∪ OE
S ∪ OG

M ∪ OE
I ), ∃!f ∈ F : srcS(f) = o, i.e. each node of type

activity, start-event, intermediate-event or merge-gateway has exactly one
outgoing sequence.

– ∀f ∈ F : src(f) �= tar(f), i.e. all edges (message- and sequence flows) do
not connect an object with itself.

– ∀f ∈ FM : pool(srcM (f)) �= pool(tarM (f)).This statement means, that mes-
sages are only allowed between objects, which are located in different pools.

– ∀f ∈ FM : srcM (f) ∈ OA
At ∧ tarM (f) ∈ OA

At, i.e. message flow is only
allowed between atomic activities.

– ∀f ∈ FS : srcS(f) ∈ contains(parent(tarS(f))) ∧ tarS(f) ∈ contains
(parent(srcS(f))) i.e. sequence flow is only allowed within the same con-
tainer (pool, subprocess). Note that this definition forbids sequence flows be-
tween pools, because parent is defined as identity function for pools.

Thus, a normalized BPD fulfills simple structural conditions. These can be eval-
uated using a set of relatively simple rules. Furthermore, we define a number of
rules that detect syntactically incorrect diagrams. Therefore we define two sets
of graph transformation rules2, one for applying a normalization, that does not
change the semantics of the diagram, and the other for detecting errors.

Definition 3. (Normalization Rules: RNorm) - The normalization rules are de-
fined as follows:

1. AddStartEvents: If any o ∈ (O\OE
S ) does not have an incoming sequence

flow, a start event is added, and connected to the object.
2. AddEndEvents: If any o ∈ (O\OE

E ) does not have an outgoing sequence flow,
an end event is added, and connected to the object.

3. AddSplitGateway: If any o ∈ O has more than one outgoing sequence flow, a
parallel split gateway is added, and the sequence flow is changed accordingly.

4. AddMergeGateway: If any o ∈ O has more than one incoming sequence flow,
a parallel merge gateway is added, and the sequence flow is changed accord-
ingly.

5. UniqueStartNode: For each o ∈ O, if |OE
S ∩ contains(o)| ≥ 2, i.e. there is

more than one start node, they are replaced by a unique start node and a
parallel split gateway.

6. UniqueEndNode: For each o ∈ O, if |OE
E ∩ contains(o)| ≥ 2, i.e. there is

more than one end node, they are replaced by a unique end node and a
parallel merge gateway.

7. MessageSrc: For each f ∈ FM , if srcM (f) ∈ OA
Sub, i.e. its source node is a

subprocess, a send-activity is added within its process between the start and
the following node, and the message source is connected to that.

2 We use typed attributed graph transformations with node type inheritance and
negative application conditions. These are applied to the source graph as long as
possible, until a result graph is obtained.
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8. MessageTar: For each f ∈ FM , if tarM (f) ∈ OA
Sub, i.e. its target node is

a subprocess, a receive-activity is added within its process between the end-
and the previous node, and the message source is connected to that.

Generally, the normalization rules are used to identify BPMN syntax, which may
be correct but doesn’t conform to the normalized structure, and replaces them
with elements conform to the normal form. The rules RError for detecting errors
are also straightforward. Each condition in Definition 2 is negated and imple-
mented in a single rule, and if these are applicable, error-objects are connected
to them. For this purpose, the BPD-Graph is extended as follows:

Definition 4. (Extended BPD-Graph) - Let E-BPD be a graph with E−BPD=
BPD ∪ (Err, ErrLink, srcX , tarX), where

– Err is a distinguished set of error objects.
– ErrLink is a distinguished set of error edges.
– srcX : ErrLink → Err, i.e. is a function that associates an error edge with

an error.
– tarX : ErrLink → O, i.e. is a function that associates an error edge with

an object of a BPD-Graph.

Definition 5. (Structurally Correct BPD-Graph) - Let ebpd be an Extended
BPD-Graph with Err = ErrLink = ⊘. Let further RNorm and RError be the
set of normalization and error annotation rules as defined above.
A BPD-Graph bpd is said to be structurally correct, if bpd = ebpd|BPD , where
ebpd|BPD denotes the BPD-Graph that results from omitting all extensions of
Definition 4, and for ebpdt = RError(RNorm(ebpd)) holds Errt = ErrLinkt =
⊘, i.e. after applying the rules for normalization and error detection, no error
elements are created3.

3.2 Extending BPMN to Petri Nets

Although structural correctness allows to detect simple errors, it is not a suffi-
cient condition for correct workflow and protocols. For analyzing these proper-
ties, additional verifications using graph transformations can be done. We want
to ensure that both, the workflow and the protocol, do not contain any inconsis-
tencies in message- or sequence flow (e.g. sent messages will never be received).
In order to address these issues, we extend BPDs such that transformations sim-
ilar to the token game of petri nets are applicable, which are well understood.
Using petri nets analysis, we are able to detect cycles, deadlocks, and reacha-
bility properties of BPMN diagrams and their elements. Before presenting the
transformation rules, we have to consider some issues regarding the structure
of BPMN diagrams. These are different from that of petri nets in that on the
one hand they contain hierarchies, and on the other they have different types of
transitions (message- and sequence flow). The former property is dealt with by

3 R2(R1(G)) denotes the sequential application of both rule sets, each as long as
possible.
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flattening the net, i.e. by resolving hierarchies. The latter is addressed by using
an extension of regular petri nets, which allows to distinguish two token types
[3]. Taking this into consideration, we define a PNet BPD-Graph in terms of
place transition nets as follows.

Definition 6. (PNet BPD-Graph) - A PNet BPD-Graph is an extended petri
net with PNet BPD = (P, T, V, C, W ) with

– P — the set of places of the net.
– T — the set of transitions of the net.
– V — the set of arcs, connecting places and transitions (flow relation), with

V ⊆ (P × T ) ∪ (T × P ).
– C — the capacity of tokens for each place is a tuple (CS , CM ), which defines

the maximum number of tokens per type (sequence and message tokens) that
are permitted.

– W : (P ×T )∪(T ×P ) → (N×N) the weight function, which defines a weight
tuple (WS , WM ) to each existing place-transition connection. The compo-
nents of the tuple refer to the weights for message- and sequence flows.

For a given PNet BPD-Graph, there exists a current marking, called a, which
holds the tokens for each place in a given state of the net. We subsequently use
the following functions to refer to the markings of given places p:

– a : P → N × N — returns the token tuple of a place.
– aS : P → N — the number of sequence tokens, which are present in marking

a for p.
– aM : P → N — the number of message tokens, which are present in marking

a for p.

Beside the extended token representation, this definition conforms to the usual
petri nets, and hence its formal semantics can be used here. Next, we define the
construction of a PNet BPD Graph out of a structurally correct and normalized
BPD-Graph:

Definition 7. (Constructed PNet BPD-Graph) - Let bpd be a structurally cor-
rect BPD-Graph. Then the construction of a corresponding PNet BPD-Graph is
defined as follows:

– The set of places P is composed of the set OE ∪ OA
At ∪ OG, i.e. the set of

events, atomic activities and gateways.
– The set of transitions T is defined as follows:

• For each f ∈ FS with ∄f2 : f �= f2∧ (src(f) = src(f2) ∨ tar(f) =
tar(f2)), one transition is created. These are called simple sequence

transition.
• For each f ∈ FM one transition is created. These are called simple

message transition.
• For each g ∈ (OG

S,A ∪ OG
M,A) one transition is created. These are called

complex parallel transition.
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• Let g ∈ (OG
S,X ∪ OG

M,X) be an exclusive gateway. Let further Pout be the
set of nodes, which are reachable via sequence flow from g, i.e. ∀p ∈ Pout

∃f ∈ FS : src(f) = g ∧ tar(f) = p, and Pin the set of nodes, from which
g is reachable. If g ∈ OG

S , then for each element of Pout one transition is
created, otherwise one one transition for each element in Pin is created.
These are called complex exclusive transition.

• Let g ∈ (OG
S,O ∪ OG

M,O) be an inclusive gateway. Let Pin and Pout be

defined as above. If g ∈ OG
S , then one transition for each element of the

power set ℘(Pout) is created. Otherwise, if g ∈ OG
M , then one transition

for each element of the power set ℘(Pin) is created. These are called
complex inclusive transitions.

– The flow relation V is defined as follows. Given these functions

start, end : O → O

start(o) = if o /∈ (OA
Sub ∪ OP )

then id(o)

else !(contains(o) ∩ OE
S )

end(o) = if o /∈ (OA
Sub ∪ OP )

then id(o)

else !(contains(o) ∩ OE
E )

where !(S) refers to an arbitrary element of a set. Because of the uniqueness
of start and end events, these functions are well defined.

• For each simple (message and sequence) transition t, the relations (end(
src(f)), t) and (t, start( tar(f))) is in V, where f is the sequence- or
message flow, that lead to the construction of t.

• For a complex parallel transition t, let g be the gateway from which it
was created. If g ∈ OG

S , then the relation (g, t) and for each sequence
flow fout with src(fout) = g the relations (t, start(tar( fout))) belong to
V. Otherwise, if g ∈ OG

M , then the relation (t, g) and for each sequence
flow fin with tar(fin) = g the relation (end(src(fin)), t) belong to V.

• Let t1, .., tn be the set of complex exclusive transitions, which were created
from g. If g ∈ OG

S , then the relations (g, ti) for 1 ≤ i ≤ n are in V, and
for each ti, let pi be the element of Pout that lead to the construction of
ti. Then, the relations (ti, start(pi)) belong to V as well. Otherwise, if
g ∈ OG

M , then the relations (ti, g) for 1 ≤ i ≤ n are in V, and for each
ti, let pi be the element of Pin that lead to the construction of ti. Then,
the relations (end(pi), ti) belong to V as well.

• Let t1, .., tn be the set of complex inclusive transitions, which were created
from g. If g ∈ OG

S , then the relations (g, ti) for 1 ≤ i ≤ n are in V,
and for each ti, let Pi be the set of elements of ℘(Pout) that lead to
the construction of ti. Then for each pi ∈ Pi the relation (ti, start(pi))
belongs to V as well. Otherwise, if g ∈ OG

M , then the relations (ti, g)
for 1 ≤ i ≤ n are in V, and for each ti, let Pi be the set of elements
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of ℘(Pin) that lead to the construction of ti. Then for each pi ∈ Pi the
relation (end(pi), ti) belongs to V as well.

• No further relations are in V.
– The capacity C of each place is unlimited, i.e. the tuple (∞, ∞).
– The weight function is defined as follows:

• For all simple transitions t, which were constructed from message flow,
the weight is defined as

W ((p1, t)) = W ((t, p2)) = (0, 1)

• For all other transitions t, the weight is defined as

W ((p1, t)) = (1, In(p1))

W ((t, p2)) = (1, Out(p2))

where In and Out are the functions retrieving the cardinality of the set
of out– and ingoing message flows of a node p respectively.

– The start marking a0 is defined by:
If p ∈ OE

S ∧ parent(p) ∈ OP , then a0(p) = (1, 0). For all other places a0 is
defined with (0, 0).

Fig. 2. Translation of Gateways to PNet BPD elements - (a) - parallel, (b) - inclusive
and (c) - exclusive or, each with two outgoing sequences

As can be seen, the most complex construction rules are for gateways. In Figure 2,
the mapping for the corresponding split gateways to the petri net is given. For il-
lustrating a construction, we present it exemplarily on the BPD given in Figure 1,
which is already structurally correct. The resulting PNet BPD-Graph is given in
Figure 3. There, each node except the subprocess accounting is transformed into
a place. Most transitions are simple transitions, and thus are created directly
from message- or sequence flow. Exceptions are T8 and T13, which are created
from the gateways. The flow relation is also defined straightforward: Whenever
simple transitions are created, places, which were originally connected by the
sequence or message flow, are connected to the transitions accordingly. For gate-
ways, the constructed transitions are linked to all incoming or outgoing places
respectively. The weight function is interesting for (T1, S2), (S3, T3), (S6, T7) and
(T9, S9), where it is (1, 1). For the receive tasks, it means that a received message
is required in order to enable the following transition, and for send tasks, a mes-
sage token for sending is created and subsequently available. (S2, T4), (T4, S6),
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(S9, T5) and (T5, S3) are defined (0, 1), implementing the sending and receiving
of a message. (T8, S10) and (S13, T13) resolve the hierarchy of the subprocess
accounting. Finally, the start marking is (1, 0) for S1 and S5, all others are
marked (0, 0).

Fig. 3. The constructed PNet BPD-Graph of the BPD

3.3 Analyzing PNet BPDs

The construction of PNet BPD-Graphs comes along with some (computational)
effort that should be motivated adequately. So, what are the advantages of do-
ing so? The obvious answer is that PNet BPDs allow the use of well studied
methods, which are able to detect inconsistencies. When considering the trans-
lation of BPDs into some executable language, another big advantage becomes
evident. Possible inconsistencies may be located a priori, i.e. before the target
language is created and executed. To clarify this, we highlight some desired prop-
erties of BPDs, and argue that these can be validated using the corresponding
constructed PNet BPD and applying petri net analyzation techniques. In par-
ticular, these properties are termination, relevance (of contained elements), and
boundedness.

The first property we discuss is also a very essential one, named termination.
It refers to the ability of a diagram to reach a desired and final state that marks
the (successful) termination of the designed workflow. Termination may never
be achieved in cases were the workflow is trapped in an endless loop or deadlocks
occur, such that successor states are not reachable. An example of both cases can
be seen in Figure 4. Both parts are structurally correct, thus applying the error
detection rules will not offer any result. But both are obviously inconsistent.

Correct termination of a BPD occurs when the workflow halts at the most
top-level end element. Speaking in terms of a PNet BPD, this means that the
place which is used for the top-level end event owns a token, and all others don’t.
Therefore, we define next the Termination Criterium of a PNet BPD as follows:

Definition 8. (Termination Criterium of a PNet BPD) - Let pbpd be a PNet
BPD-Graph, constructed from bpd and with start marking a0. Let further be



102 H. Endert et al.

R(pbpd, a0) the set of all markings of pbpd reachable from a0. Then, pbpd is
said to satisfy the termination criterium, iff

∃an ∈ R(pbpd, a0) :

∀p ∈ P :

if p ∈ OE
E ∧ parent(p) ∈ OP

then an(p) = (1, 0)

else an(p) = (0, 0)

Fig. 4. Two possible diagram-parts that do not terminate: (a) A part of a BPD that
does not terminate because of inconsistent message flow. (b) A part of a BPD that
does not terminate because of an infinite loop.

This criterium is a necessary condition for termination, i.e. if it does not hold for
a certain PNet BPD, it will never terminate. On the other hand, if this criteria
is fulfilled, we can only claim that termination is probably achieved. The reason
for that lies in the fact that a PNet BPD is not able to include the conditional
statements which are available for each gate of a split gateway. For instance, if
the only branch which leads to termination is never chosen, then in practice the
workflow will never terminate.

The approach for checking this property with petri nets is known as the reach-
ability property. By analyzing the reachability of the petri net, it is evaluated
which markings are derivable through firing of transitions for a given initial
marking of a net. For instance, reachability is evaluated by creating the cover-
ability tree, which may be done using breadth first search of possible markings.
If the net is bounded, the tree is also called reachability tree, because it contains
all possible markings. Hence, this approach is suitable for our approach to check
the termination criteria of a PNet BPD, which after construction already con-
tains all necessary elements (the graph and an initial marking). An algorithm for
creating the coverability tree is given in [4]. Due to the explosion of state space,
this approach is limited to smaller nets, or nets with small degree of branching,
because in general its computational costs grow exponentially with the size of
the graph. Improvements in performance are achieved if independent parts (e.g.
sub-processes) of a net are analyzed separately. But to do this, these parts must
be identified beforehand, which is generally not trivial.

The next property we analyze is the relevance of both, a complete BPD and
its contained elements. This is closely related to the termination property, and
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means, that every element (node) of a BPD becomes active in at least one
particular case. If this property is not given, a diagram contains elements which
are never reached, and hence are irrelevant for the designed workflow. We define
relevance for places of PNet BPDs as follows:

Definition 9. (Relevance of Places in a PNet BDP) - Let pbpd be a PNet
BPD-Graph, constructed from bpd and with start marking a0. Let further be
R(pbpd, a0) the set of all markings of pbpd reachable from a0. Then a place
p ∈ P is said to be relevant, iff

∃an ∈ R(pbpd, a0) :

an,S(p) ≥ 1

This means that if there exists a marking which is derivable from a0 and contains
a positive value of sequence tokens for a given place, this is relevant for the
designed workflow. Note that we do not include message tokens for relevance,
because places may become owner of a message token without being active (e.g.
a message is only actively received if the node was activated by a sequence flow).
On top of this definition, we can define a global relevant PNet BPD:

Definition 10. (Global Relevance of a PNet BDP) - Let pbpd be a PNet
BPD-Graph, constructed from bpd and with start marking a0. Let further be
R(pbpd, a0) the set of all markings of pbpd reachable from a0. Then pbpd is
said to be relevant, iff

∀p ∈ P : ∃an ∈ R(pbpd, a0) :

an,S(p) ≥ 1

The only difference here is that relevance is required for all places of the net.
Again, the relevance property is a necessary condition. If it is not satisfied,
the net contains inconsistencies. If it is, no statements can be made for sure.
Definition 10 indicates already which method can be used to analyze relevance:
The construction of the coverability tree allows to decide if a graph is relevant.

The last property we discuss is boundedness, which in contrast to those men-
tioned before defines a sufficient condition. As in ordinary petri nets, we define
boundedness of places as a limiting border of tokens, which is not exceeded in
any reachable marking. Within petri nets, this property becomes interesting, if
tokens are used as data buffers. The presence of a bound indicates that no buffer
overflow will occur. In BPDs, messages are sent asynchronous, such that buffers
are required as well (this counts also very often for agents, which communicate
via speech acts). Subsequently, in a PNet BPD, the number of message tokens
in a place represents the actual filling of the corresponding buffer. If a bound
for message tokens can be found which is never exceed, the graph can said to be
save with respect to message buffer overflow4. We define the boundedness of a
PNet BPD as follows:

4 Note, that safety for petri nets is defined as a 1-bounded net, i.e. that a bound exists
and has a value of 1
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Definition 11. (k-Boundedness of a PNet BDP) - Let pbpd be a PNet BPD-
Graph, constructed from bpd and with start marking a0. Let further be R(pbpd,
a0) the set of all markings of pbpd reachable from a0. Then pbpd is said to be
k-bounded, iff

∀p ∈ P, an ∈ R(pbpd, a0) :

an,M (p) ≤ k

Finding a bound is related to the question whether a coverability tree is also a
reachability tree. If so, the bound k can be found by looking for the maximum
marking of a place within the tree of reachable markings. Otherwise, if the tree
is not a reachability tree, no bound exists. From this property we can infer the
following: Since it is a sufficient condition, a bound means that surely no buffer
overflow will occur. Therefore it will not discover inconsistencies in a graph, but
ensure that this kind of error will not occur. However, if a graph is unbound, no
statements can be made for the same reasons as before.

Alltogether we obtain a representation of BPMN diagrams, for which syn-
tactic and semantic validations are possible. Additionally, we provide a set of
techniques for executing validations on that graphical model, and therefore we
show that some inconsistencies may be discovered. Finally we also note that
we are currently working on a formal proof to show that all statements that
hold for a constructed PNet BPD also hold for the BPD from which it was
constructed.

4 Related Work

We subsequently give an overview of similar formal approaches and applications
related to business process modelling. Somewhat close to what we have in mind
is the work of Vidal et al. [5]. They use BPEL4WS[6] for describing workflows
and propose to combine them with DAML-S for achieving semantical service
descriptions. On top of this, agents can be used as service providers, allowing
to dynamically select and execute web services. Since the BPMN specification
provides a mapping to BPEL4WS, their ideas will influence our future work.

Likewise, the usage of petri nets for workflow design is studied for a while by
Aalst et al. [7]. Other approaches apply a specific variant of petri nets (CPN).
For instance in [8], these are directly used to model multi-agent systems.

Regarding BPMN, there are a number of tools that allow to model busi-
ness processes, some of which include a (limited) translation into BPEL. Many
more tools are based on BPEL to model processes that are directly executable.
Ouyouang et al. [2] highlights some of the difficulties of translating BPMN into
block-oriented languages, and describe a translation of BPMN to BPEL, in which
they provide methods that deal with parallelism and joins. Similar work is that
of Koehler et al. [9] who designed a method to remove cycles in graphs and
replace them with equivalent structures.

As the importance and impact of SOA and friends starts to become clear in the
area of agent technologies, a number of people have worked on different ways of
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incorporating knowledge and experiences of the different fields. Casella et al. [10]
and Mantell [11] have worked on creating tools to translate UML diagrams to
BPEL. Mantell translates UML activity diagrams to executable BPEL code,
while Casella et al. start from protocol diagrams designed in the UML extension
Agent-UML [12] and create abstract BPEL processes. While these approaches
are similar to ours, we chose BPMN because it is more accessible to non-computer
scientists than UML or an extension. Especially business people think in terms
of processes rather than e.g. activity or class diagrams.

There are other approaches that directly link webservices and agency. Bozzo
et al. [13] apply the BDI paradigm in order to create adaptive systems based on
webservices. Here, they start from a BDI-type MAS (based on AgentSpeak [14])
and extend it to use web services as primitive actions. Walton [15] suggests to
differentiate between agent interaction protocols and agent body, and therefore
to allow web services to be seamlessly incorporated into MAS, and vice versa.

5 Conclusion and Future Work

In this paper, we have laid the foundation of a mapping from the business process
modeling notation BPMN to agents. In order to arrive at a semantically sound
translation, we have here focussed on the formal specification of a normal form
for BPMN diagrams. We have provided a translation method that maps arbitrary
BPMN diagrams to the normalized form, and that checks for certain structural
properties. The normalized form is then transformed into a petri-net which allows
for further semantic analysis.

Ultimately we want to enable domain experts to design workflows and agent
behaviour in a language they understand. We currently work on a mapping from
BPMN to the agent framework JIAC IV, and therefore the next steps consist
of extending BPMN with concepts for structured data types and providing a
translation into an executable agent language. We therefore plan to combine
BPMN with OWL [16] and OWL-S in order to obtain knowledge representation
together with reasoning mechanisms. Another interesting research task concerns
the mapping into the opposite direction. Since multi-agent systems are naturally
complex, a good visualisation of their workflow would increase the understanding
of existing systems significantly.
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Abstract. This paper proposes a new algorithm of associated topic ex-
traction, which detects related topics in a collection of blog entries refer-
ring to a specified topic. It is a partial feature of our product reputation
information retrieval service whose aim is to detect product names rather
than general terms. The main feature of the algorithm is to evaluate how
important a topic is to the collection, according to the popularity of blog
entries through Trackbacks and comments. Another feature is to utilize
product ontology for topic filtering, which extracts products relevant to
or similar to a specified product. The paper also presents a brief eval-
uation of the algorithm, in comparison with TF-IDF. In respect to the
evaluation, it can be concluded that the proposed algorithm can capture
users’ impressions of associated topics more accurately than TF-IDF.

1 Introduction

Consumer Generated Media (CGM) have been one of major “word-of-mouth”
media both for consumers and companies. The innovation of Web technologies
produces a variety of Web services, which make it easy for consumers to create
information or publish their opinions for themselves in the Internet. Blog is a
typical Web service. Some consumers write reviews of products or describe their
impressions or experiences of them, and others compare a specific product with
similar products or with products competitive with it. The blogs often furnish
blog readers with information that influences their purchase decisions. Moreover,
the readers who buy the product may write blog entries commenting on it. Thus,
this “word-of-mouth” cycle forms the wisdom of crowds and has the potential
to grow large.

CGM has a strong impact not just on purchase decision processes by customers
and but on product marketing strategies by companies. Analysis of CGM has
actually been a challenging issue in product marketing. One of basic analysis
methods is a topic word ranking, which is a statistical analysis of keywords used
in search engines. An advanced method computes the frequency of occurrence of
characteristic words appearing in blog contents. These help to discover either the
demands on products or interests of consumers. Another method is a reputation
analysis, which extracts reputation expressions from blog contents commenting
on a specified product to summarize its reputation in terms of both quantity
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and quality. It enables comparison of the product with its competing products in
topicality and popularity, leading to understanding of the product positioning in
the market. These methods are in early phase of application to practical product
marketing. Some companies begin to provide reputation analysis features as
public Web services, and others start the conduct of consumer marketing research
based on reputation analysis.

We have developed a reputation analysis system[1], which retrieves blog en-
tries commenting on a specified product, and then extracts reputation expres-
sions and related products from the blog entries. The main feature of the system
is that it analyzes the contents of retrieved blogs using ontology. This makes
it possible (1) to indicate the overall rating of the product reputation (positive
vs. negative), (2) to extract associated products that are much discussed in the
blog entries, and (3) to sort the blog entries by reputation relevance and blog
popularity.

This paper refers only to associated topic extraction in the service and pro-
poses an extraction algorithm. The purpose of associated topic extraction is to
suggest products similar to or relevant to a specified product. We propose a new
algorithm for associated topic extraction. The method first extracts associated
products through morphologic analysis of a collection of blog entries comment-
ing on the specified product, and then computes the degree of their relevance.
The main feature is the evaluation of how important a topic is to the collection,
according to the popularity of blog entries, through Trackbacks and comments.
Another feature is the utilization of product ontology for topic filtering to ex-
tract products relevant to or similar to the given product. The paper also briefly
evaluates the proposed method in comparison with TF-IDF, a widely-used topic
detection algorithm.

The reminder of this paper is organized as follows. First, Section 2 presents
an overview of our reputation analysis system. Second, Section 3 addresses the
issue of associated topic extraction and then Section 4 illustrates the proposed
method. Next, Section 5 evaluates the algorithm, and finally, Section 6 concludes
the paper.

2 Our Reputation Analysis System

2.1 System Overview

Our reputation analysis system is a semantic-based information retrieval of
product reputations from blogs. It first retrieves blog entries commenting on
a specified product, extracts reputation expressions and similar products from
the retrieved blog entries, and then summarizes the reputation information on
the target product. The main feature of the system is the semantic analysis of
sentences in the retrieved blog entries using ontology, which is the description
of concepts and their relationships. The ontology enables the following three
features: (1) p/n (positive/negative) determination of the product reputation,
(2) associated product extraction, and (3) blog sorting and filtering by reputa-
tion relevance. Each of the features are briefly described in the next subsection.
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Fig. 1. A result of product reputation analysis

A result of product reputation analysis for a cellular phone is shown in Fig.2.1,
and the architecture of our system is illustrated in Fig.2.

2.2 Three Features

P/n determination: The p/n determination is one of the text summarization
technologies. It performs the morphologic analysis and the syntactic analysis of
blog contents retrieved from the Internet, and then evaluates a positive or neg-
ative rating of the blog contents. A feature is that a rating of each blog entity
is biased using link structures of Trackbacks and comments specific to blogs.
One of the bias rules is to emphasize blogs written by an alpha blogger, who is
regarded as an opinion leader respected in blog communities. Another feature is
that a p/n rating of each sentence is biased using Japanese ontology that includes
more than a hundred thousand concepts necessary to analyze reputation expres-
sion. An is-a relation in ontology determines strength of sensitive expressions, a
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Fig. 2. Architecture of product reputation analysis system

part-of relation enables indirect rating of insensitive expressions, and an instance-
of relation uniformalizes different expressions attributed to the same concept.

Fig.2.1(1) illustrates the result of the p/n determination, where two bars rep-
resent the positive rating (75%) and negative rating (25%) in total, and a radar
chart shows the summation of positive and nagative ratings for each of four
predefined viewpoints, function, design, brand, and price.

Associated topic extraction: The associated topic extraction is one of the
text mining technologies based on term frequency and document frequency. The
purpose is to suggest similar or comparable products that are much discussed
in blogs referring to the given product. The function extracts product names by
the morphologic analysis and the product ontology filtering, and then evaluates
how important each extracted product is to a collection of the retrieved blog en-
tries. A feature is that a rating is biased using correlation between blog entries.
Another feature is that products irrelevant to the given product are excluded by
referring to product ontology. This is another ontology, which represents prod-
ucts and hierarchical categorization by concepts and their relations, respectively,
and includes more than 400 thousand products.

Fig.2.1(2) illustrates the result of the associated topic extraction, where six
cellular phones are extracted with their normalized scores. Each of scores means
how important the corresponding product is to a collection of retrieved blog
entries.

Blog sorting and filtering: The sorting emphasizes blog entries receiving a
lot of approvals through Trackbacks and comments, and blog entries containing
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Fig. 3. Product ontology

a lot of positive or negative sentences. The filtering excludes promotional and
marketing blogs, and blogs that just quote other blogs or articles and contain
less impressions and reviews written by the bloggers themselves.

Fig2.1(3) shows selected useful blog entries, where positive and negative sen-
tences, the specified product, and the associated products are highlighted.

2.3 Ontology and Metadata

We have developed three databases, product metadata, product ontology, and
Japanese ontology. First, product metadata contains data describing products,
such as product names, manufacturers, specifications, prices. It contains more
than one million products, each of which is described in a form of RDF. Second,
product ontology contains more than 400 thousand products including DVDs,
books, and home appliances. It is composed of an is-a relation representing hi-
erarchical categorization of products and an instance-of relation representing
mappings of individual products with product categories. Third, Japanese on-
tology contains sensitive expressions necessary for reputation analysis of blog
sentences. Both ontologies are described in a form of OWL. A fragment of the
product ontology is illustrated in Fig.3.

3 Associated Topic Extraction

The purpose of associated topic extraction is to suggest similar or comparable
products that are much discussed in retrieved blog entries commenting on a
specified product. The straightforward approach to the extraction is to count
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frequency of occurrence of proper nouns in blog entries through the morpho-
logic analysis, where any blog entry and any noun appearing in blog entries
are uniformly enumerated. Although it may appear to be a plausible approach
such a uniform approach does not accord with blog readers’ impressions for the
following reasons.

1. A reputation blog reader has a considerable impression corresponding to the
number of Trackbacks and comments the blog entry received, compared with
a reader of general web documents.

2. Since valuable information can often be found in blog threads composed of
blog entries admired among blog communities, and thus such blog threads
leave a significant impression on a reputation blog reader’s mind.

3. A viewless blog entry should be eliminated, because the blog entry that
express no opinion on products is not useful for a reputation blog reader. A
typical blog is an advertisement blog that just provides product names with
their specifications and prices.

4. The straightforward approach uselessly extracts a plurality of proper nouns
other than product names. Such nouns are noisy for a reputation blog reader,
and thus similar or comparable products mentioned in blog entries should
be suggested.

4 Proposed Algorithm

4.1 Basic Idea

A main feature of the proposed extraction algorithm is that it finds a blog
thread, which is a set of blog entries spanned by Trackbacks, and then biases the
frequency occurrence of proper nouns according to the thread size. This is derived
from the following belief. Suppose that blog entries conversing about a target
product receive many Trackback pings. Then, the entries could be especially
interesting to many bloggers and products mentioned in the entries could be
similar to the target product or competitive with it.

Trackback is one of the main features in blog systems. It is a kind of ref-
erences associating blog entries. A primary difference between blogs and other
Web documents is the bidirectional nature of blogs. Trackback is simply an ac-
knowledgement, which is a network signal (ping) sent from a originating blog
entry to a receiving blog entry. The receptor often publishes a link back to the
originator to indicate its reception. Another difference is a communication facil-
itating feature of Trackback. If a blogger writes a new entry commenting on an
entry found at another blog, then the commenting blogger can notify the other
blog with a ”Trackback ping”; the receiving blog will typically display links to
all the commenting entries below the original entry. This enables conversations
spanning several blogs that blog readers can easily follow.

Another feature of the algorithm is that it utilizes product ontology. Product
ontology is composed of an is-a relation representing hierarchical categoriza-
tion of products and an instance-of relation representing mappings of individual



Associated Topic Extraction for CGM Analysis 113

products with product categories. Product ontology is used to find only similar
or competitive products mentioned in the blog threads conversing on a target
product, filtering out proper nouns other than product names and biasing prod-
ucts closer to the target product by referring to the distances of their categories
on product ontology.

4.2 Proposed Algorithm

Given a set of blog entries conversing on a certain topic, the proposed algorithm
extracts a list of similar, related, or comparable topics, which are much discussed
in the given blog entries. The algorithm also provides the degree of association
AT (t) for each extracted topic t.

Let TF (t) and IF (t) be the topic occurrence frequency t and the inverse
document frequency for topic t. Given a set of blog entries conversing on a
certain product, then AT (t) is defined as follows:

AT (t) = (TFR(t) + TFIR(t)) × IF (t) (1)

Note that our TFR(t), TFIR(t), and IF (t) measures employing three bias rules
are a refined version of the original TF-IDF measure. TFR(t) and TFIR(t) are
computed by two bias rules utilizing correlation between blog entries, which are
defined in subsections 4.3 and 4.4. IF (t) is computed by the bias rule utilizing
document frequency, which is defined in subsection 4.5.

4.3 Blog-Reference-Based Bias Rule

This rule is to bias blog entries according to the amount of commenting blog
entries. It is derived from the belief that the bloggers could tend to appreciate
blog entries according to the amount of Trackbacks and comments. Thus, blog
entries receiving a lot of Trackback pings could raise the value of a Trackback
ping.

The rule is defined by multiplication of a topic frequency TF (t, i) and its
biasing function BRR(t, i) for topic t and blog entry i.

TFR(t) =
∑

i

TF (t, i) × BRR(t, i) (2)

TF (t, i) is slightly different from the usually used definition, because blog
entries are absolutely shorter than general text documents. Let TP (i) be the
number of topics which appear in blog entry i, and then TF (t, i) is defined as
follows.

TF (t, i) =

⎧

⎨

⎩

1/TP (i)
if topic t appears in blog entry i

0 otherwise
(3)

Next, suppose that R(i) denotes a set of blog entries referring to the receptor
of a Trackback ping from blog entry i and that TB stands for the total number of
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Fig. 4. Blog-reference-based and blog-referred-based bias rules

Trackbacks received by any blog entry in a given collection. Then, the reference-
based bias function BRR(t, i) is defined as follows.

BRR(t, i) =
∑

j∈R(i)

TB(j) + 1

TB
(4)

BRR(t, i) biases commenting blog entry j according to the number of Trackback
receptions by blog entry j.

4.4 Blog-Referred-Based Bias Rule

This rule is to bias blog entries according to the amount of commenting blog
entries, in the same manner as the rule defined in subsection 4.3. The difference
between the two rules are described below. Let i, j, k be blog entries, where i
is commenting j and k is commenting i. This referred-based rule computes the
value of i based on the value of k although the reference-based rule defined in
subsection 4.3 computes the value of i based on the value of j.

The referred-based rule is defined by multiplication of a topic frequency
TF (t, i) and its biasing function BRIR(t, i) for topic t and blog entry i. TF (t, i)
is the same as Eq. 3.

TFIR(t) =
∑

i

TF (t, i) × BRIR(t, i) (5)

Next, suppose that IR(i) denotes a set of blog entries by which blog entry i is
referred, Then, the referred-based bias function BRIR(t, i) is defined as follows.

BRIR(t, i) =
∑

k∈IR(i)

TB(k) + 1

TB
(6)
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BRIR(t, i) biases commenting blog entry k according to the number of Trackback
receptions by blog entry k.

4.5 Product-Occurrence-Based Bias Rule

This rule is a refined version of the inverse document frequency scheme, and
computes how important a topic is to blog entries. The difference with the
original measure is to bias the weight of the importance according to the doc-
ument frequency. This is derived from the following belief; The document fre-
quency of a topic would be a good measure of popularity in blog entries, but
too high frequency would mean to be valueless because many bloggers know the
topic. This bias rule is defined as IF (t), where N and DF (t) denote the number
of blog entries in collection and the document frequency of topic t to the blog
entries, respectively.

IF (t) = DF (t) × log(
N

DF (t)
) (7)

4.6 Product Ontology Filtering

This filtering provides two features. The first feature is to filter out proper nouns
other than product names, given a collection of proper nouns extracted by the
morphologic analysis of blog entries. Another feature is a category filtering based
on class distance. This excludes products unrelated to the target products. For
example, a refrigerator categorized in home appliances is excluded from similar
or competing products for a novel categorized in books.

5 Evaluation

We evaluate how correctly the proposed algorithm captures users’ impression on
associated products.

Evaluation is done as follows. We have first invited twenty public users to
manually extract associated products from each of three real blog threads com-
menting on DVDs. The blog threads are composed of more than 10 blog entries,
and structured through Trackback links and comments. The answers are used
as correct data for evaluation. Next, we apply both the proposed algorithm and
TF-IDF to the same data set of blog entries, and then compare scores of asso-
ciated topics. The evaluation measure is how closer computed scores are to the
correct answers.

Table 1 shows comparison of the proposed algorithm and TF-IDF with the
correct answers. The first row represents product names, where ten DVDs are
extracted as associated topics from blog entries commenting on a target DVD.
The second row represents the answers, which are summation of users’ answers
for each associated products. Note that the data are normalized for DVD1. The
third and forth row show the scores computed by the proposed algorithm and
TF-IDF, respectively. Both data are also normalized for DVD1.

Table 2 averages the difference of the computed score with the answer for
each DVD. It shows that the difference of the proposed algorithm is closer than
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Table 1. Score comparison of associated topics

Products Answers Proposed method TF-IDF

DVD1 100% 100% 100%
DVD2 50% 77.8% 29.5%
DVD3 39% 77.8% 29.5%
DVD4 39% 36.8% 15.4%
DVD5 22% 8.3% 4.2%
DVD6 22% 8.3% 4.2%
DVD7 17% 8.3% 4.2%
DVD8 6% 8.3% 4.2%
DVD9 33% 49.4% 29.6%
DVD10 11% 19.4% 14.1%

Table 2. Differences with the correct answer

Difference

|Answer − Proposed| 7.2%
|Answer − TFIDF| 12.2%

TF-IDF. Thus, in respect to this evaluation, we can conclude that the proposed
algorithm captures users’ impression more accurately than TF-IDF.

6 Conclusions

We have proposed a new algorithm which finds associated topics in a collection
of blog entries referring to a given topic. The evaluation result shows that the
proposed algorithm can capture users’ impressions on associated topics more
accurately than TF-IDF. We are planning to evaluate precision and performance
measures of the proposed algorithm in details. We are also going to apply our
CGM analysis system to practical product marketing.
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Abstract. The Semantic Web Services Initiative Architecture (SWSA)
describes the overall process of semantic service execution in three
phases: discovery, engagement and enactment. To accomplish the spec-
ified requirements of these phases, it defines a conceptual model which
is based on semantic service agents that provide and consume seman-
tic web services and includes architectural and protocol abstractions. In
this paper, an MAS infrastructure is defined which fulfills fundamental
requirements of SWSA’s conceptual model including all its sub-processes.
Based on this infrastructure, requirements of a planner module is identi-
fied and has been implemented. The developed planner has the capability
of executing plans consisting of special tasks for semantic service agents
in a way that is described in SWSA. These special tasks are predefined
to accomplish the requirements of SWSA’s sub-processes and they can
be reused in real plans of semantic service agents both as is and as spe-
cialized according to domain requirements.

1 Introduction

The Semantic Web Services Initiative Architecture (SWSA) committee, which
has been contributed by the Semantic Markup for Services (OWL-S)1, Web
Service Modeling Ontology (WSMO)2 and Managing End-to-End Operations-
Semantics (METEOR-S)3 working groups, has created a set of architectural
and protocol abstractions that serve as a foundation for Semantic Web ser-
vice technologies[1]. The proposed SWSA framework builds on the W3C Web

1 The OWL Services Coalition: Semantic Markup for Web Services (OWL-S), 2004,
http://www.daml.org/services/owl-s/1.1/

2 Web Service Modeling Ontology (WSMO) Working Group, http://www.wsmo.org/
3 Managing End-to-End Operations-Semantics (METEOR-S) Working Group,

http://lsdis.cs.uga.edu/projects/meteor-s/
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Services Architecture working group recommendation4 and attempts to address
all requirements of semantic service agents: dynamic service discovery, service
engagement, service process enactment and management, community support
services, and quality of service (QoS). This architecture is based on the multi-
agent system (MAS) infrastructure because the specified requirements can be
accomplished with asynchronous interactions based on predefined protocols and
using goal oriented software agents.

The SWSA framework describes the overall process of discovering and inter-
acting with a Semantic Web service in three consecutive phases: (1) candidate
service discovery, (2) service engagement, (3) service enactment. The SWSA
framework also determines the actors of each phase, functional requirements
of each phase and the required architectural elements to accomplish these re-
quirements in terms of abstract protocols. Although it defines a detailed concep-
tual model based on MAS infrastructure and semantic web standards, it does
not define the software architecture to realize this conceptual model and does
not include the theoretical and implementation details of the required software
architecture.

There have been a few partial implementations to integrate web services and
FIPA compliant agent platforms. WSDL2Jade [2] can generate agent ontologies
and agent codes from a WSDL input file to create a wrapper agent that can
use external web services. WSDL2Agent [3] describes an agent based method
for migrating web services to the semantic web service environment by deriving
the skeletons of the elements of the Web Service Modeling Framework (WSMF)
[4] from a WSDL input file with human interaction. WSIG (Web Services In-
tegration Gateway) [5] supports bi-directional integration of web services and
Jade agents. WS2JADE [6] allows deployment of web services as Jade agents’
services at run time to make web services visible to FIPA-compliant agents
through proxy agents. But these tools only deal with the integration of agents
and external web services and do not provide any mechanism to realize the entire
architectural and protocol abstractions addressed by the SWSA framework. It’s
clear that there must be environments which will simplify the development of
SWSA based software systems for ordinary developers.

The main contribution of this paper is to define a software platform which
fulfills fundamental requirements of SWSA’s conceptual model including all its
sub-processes. Then, these sub-processes are modeled as reusable plans for de-
velopment of semantic service agents. And the second contribution of this paper
is to develop a planner that has the capability of executing these kinds of plans.
So, the developed planner has the innovative features listed below:

– Definition of reusable template plans that includes abstract task structures
for SWSA’s sub-processes and usage of these templates for generating agents’
real plans by specializing these abstract tasks

– Support for recursion on the plan structure

4 W3C Web Services Architecture Working Group, Web Services Architecture Rec-
ommendation, 11 February 2004, http://www.w3.org/TR/ws-arch/
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– Constitution of composite services by using reusable semantic service agent
plans

The paper is organized as follows: in section 2, the proposed architecture of the
Software Platform for the SWSA framework is given. Planning requirements of
SWSA is discussed in section 3. Section 4 introduces the planner component of
the platform. Conclusion and future work are given in section 5.

2 Semantic Service Platform Architecture

It is apparent that SWSA describes the architecture extensively in a conceptual
base. However it doesn’t define required details and theoretical infrastructure
to realize the architecture. Hence, we propose a new software platform in which
above mentioned fundamental requirements of all SWSA’s sub-processes (service
discovery, engagement and enactment) are concretely fulfilled.

The software architecture of the proposed Semantic Service Platform is given
in Figure 1. The platform is composed of two main modules called Semantic

Service Kernel and External Service Agent.
The Semantic Service Kernel includes the required infrastructure and archi-

tectural components for an agent to execute sub-processes of SWSA. The agent’s
actions, to be used in semantic service discovery, engagement and enactment, are
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Service Layer
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Fig. 1. The software architecture of the Semantic Service Platform: Two main models
are Semantic Service Kernel and External Service Agent. The kernel provides archi-
tectural components for an agent to execute sub-processes of SWSA. On the other
hand, External Service Agent provides integration of external services (either purely
defined in WSDL or OWL-S) into the agent platform. Communication takes place via
the well-known HTTP - IIOP (Internet Inter-ORB Protocol).
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modeled as reusable plans and will be executed in a composite fashion by a plan-
ner. The sub-tasks, which compose the plan, will execute SWSA’s sub-processes
by invoking the related services. Invocation will be realized via predefined exe-
cution protocols.

The External Service Agent converts either WSDL or OWL-S defined ex-
ternal services into agents that are able to execute SWSA’s defined processes.
This module includes inner services like WSDL to OWL-S Converter, Ontology
Mapper and Translator -that provides mapping of services into the platform’s
ontologies, stores those mapping ontologies and serves ontology translation- and
Monitor service that monitors quality of service parameters. Planner compo-
nent of the External Service Agent realizes registration of the related service
into the platform and executes interaction plans concerning service engage-
ment and enactment. Those plans are formed automatically during the creation
phase of the External Service Agent and stored in the plan library as domain
plans.

In the following subsections, we discuss details of how our proposed semantic
service platform meets the requirements of the SWSA taking into consideration
predefined SWSA sub-processes.

2.1 Realization of Service Discovery Process

In order to realize semantic service discovery, the platform services should be
registered to a matchmaker and service clients should query on this matchmaker
and have ability to interpret resultant service advertisements.

The Matchmaker service of the Semantic Service Platform stores capability
advertisements of registered services as OWL-S profiles. As previously imple-
mented in SEAGENT environment [7], the capability matching of the requested
and registered service advertisements herein, is also based on the algorithm given
in [8] and deals with semantic distances between input/output parameter con-
cepts of related services. The details of the implemented capability matching may
be found in [9] and [10]. However, in addition to the above mentioned matching
algorithm, Matchmaker service of our proposed platform also supports seman-
tic match only on types of services (excluding input/output parameter match).
Therefore, a client may indicate his/her preferred capability matching approach
to the matchmaker and matchmaker performs capability matching upon this
client’s preference.

Based on domain knowledge of the related application, the Semantic Service
Platform provides a meta-profile definition for platform services those to be reg-
istered, discovered and invoked within the platform. Hence, in this approach,
Semantic Service Kernel plans, that include client invocation codes, may be pre-
pared easily by only using those predefined meta-profiles of services. However
this naturally exposes an ontology mapping requirement when an outer service,
that is needed to be included in the platform, has a different profile model than
platform’s meta-definitions. It is aimed to bring a solution to this problem by us-
ing capabilities of the ontology mapping and translation service of the External
Service Agent. So, advertisement plan of the External Service Agent supports
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platform administrators to be able to map platform’s meta-profile with the re-
lated external service’s ontology by using mapping service via a user interface.

It should be noted that discovery process of the client, has already been defined
as a reusable plan template in the Semantic Service Kernel. So, the content of this
plan template is determined during domain based application development and
this creates the application dependent plan of the discovery process. The client
agent, which uses the related created discovery plan, first sends the required
service’s profile to the matchmaker service and receives advertisement profiles
of semantically appropriate services. The suitable communication protocol and
content language for the client has already been designed and implemented for
OWL-S services [9].

Another important task of the discovery process is the service selection policy
of the requester client. The Matchmaker of the platform may return a collection
of suitable service profiles for the client’s requests in many cases and client
should apply a policy into the result collection to select the service(s) for further
engagement and enactment processes. The Semantic Service Platform provides
extensible service selection policy structures for plan designers to add various
selection criteria into the service user agent plans.

2.2 Realization of Service Engagement Process

After completion of the service selection, the client-service engagement process
begins. The engagement process has 2 stages: (1) negotiation on quality of service
metrics between client and service agents and (2) agreement settlement.

The first stage of the engagement process includes determination of the exact
service according to quality of service (QoS) metrics. Currently, there exists
no standard for the service quality metrics. However, during the exact service
determination, our proposed service platform utilizes some QoS parameters (like
service cost, run-time, location, etc.) defined in various studies [11,12] which
address this issue. When both sides (client and service) agree on the quality
metrics, the first stage of the process is finished.

The engagement process is completed after determined service’s OWL-S
process ontology and QoS parameters are sent to the Monitoring Service for
being monitored during service execution.

2.3 Realization of Service Enactment Process

Conceptually, enactment can be defined as the invocation of the engaged service
by the client agent. However, in fact, enactment includes more than just invoca-
tion and it should take into consideration of monitoring, certification, trust and
security requirements of service calls.

Execution of composite semantic services (modeled by using OWL-S) is main-
tained in the platform by means of a planning approach. The approach herein,
provides definition of service templates for each atomic service of the compos-
ite service and realizes composition of the service by linking those atomic sub-
processes.
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Service execution also requires monitoring of the invocation according to the
engagement between client agent and the server. Monitoring services of the Se-
mantic Service Kernel and External Service Agent both monitor execution of
services and control whether current interaction conforms into the predefined
QoS metrics and engagement protocol or not. Hence, the Monitoring service of
the External Service Agent informs the platform’s monitoring service about the
produced values of the quality metrics during service execution. According to
the state of the ongoing interaction, the informed client agent may change his
task execution behavior as defined in his enactment plan.

3 Planning Requirements of SWSA

The Semantic Service Kernel includes the required infrastructure and archi-
tectural components for an agent to execute subprocesses of SWSA. Such an
environment simplifies the overall process of executing semantic web services for
ordinary developers. Client agent(s) in this environment, must provide plans to
be used in semantic service discovery, engagement and enactment. Hence, in our
platform, we modeled these plans as reusable plans that are defined using the
well known Hierarchical Task Network (HTN) planning structures. HTN Plan-
ning is an AI planning methodology that creates plans by task decomposition.
This decomposition process continues until the planning system finds primitive
tasks that can be performed directly. The basic idea of HTN planning was in the
mid-70s [13,14], and the formal underpinnings were developed in the mid-90s
[15]. In an HTN planning system, the objective is to accomplish a partially-
ordered set of given tasks (plan) and a plan is correct if it is executable, and
it accomplishes the given tasks. That is, the main focus of an HTN planner
is to perform tasks, while a traditional planner focuses on achieving a desired
state.

The planner of our MAS development framework, called SEAGENT, is based
on the HTN planning framework presented by Sycara et. al [16] and DECAF
architecture [17]. In SEAGENT, tasks might be either complex (called behav-
iours) or primitive (called actions). Each plan consists of a root task (behaviour)
which is a complex task itself consisting of sub-tasks to achieve a predefined goal.
Behaviours hold a ’reduction schema’ knowledge that defines the decomposition
of the complex task to the sub-tasks and the information flow between these
sub-tasks and their parent task. The information flow mechanism is as follows:
each task represents its information need by a set of provisions and the execution
of a task produces outcomes, and there are links that represents the information
flows between tasks using these provision and outcome slots. Actions, on the
other hand, are primitive tasks that can be executed directly by the planner.
Also, each task produces an outcome state after its execution. Default outcome
state is “OK” and usually it is not shown. This outcome state is used to route
the information flow between tasks.

Figure 2 shows the task tree of the HTN plan for service execution of client
agents. “Execute Service” task represents the service execution process which was
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proposed by SWSA and is the root task of the plan that needs abstract charac-
terizations of candidate services in order to be executed. It is composed of three
sub-tasks: “Discover Candidate Services”, “Engage with a Service” and “Enact
Service” (decomposition of these tasks are not shown in this figure). “Discover
Candidate Services” task inherits the abstract characterization of candidate ser-
vices from its parent task and produces service profiles of candidate services after
its execution completes. Then these service profiles are passed to “Engage with
a Service” task via a provision link and then the execution of this task begins.
“Engage with a Service” task finishes by producing two outcomes: selected ser-
vice provider and service agreement. These outcomes are consumed by “Enact
Service” task in order to complete the final part of the plan. This task executes
selected service and passes the output list of its execution to its parent task.

Execute Service
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of candidate service

output list

provisions

inheritance

link

outcomes

disinheritance

link

Enact Service
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Fig. 2. HTN plan for SWSA based Semantic Service Execution

As discussed above, SWSA processes are controlled and monitored by Seman-
tic Service Kernel. Planner is at the heart of the architecture which controls
the workflows of the SWSA processes. Each of these processes are modeled as
reusable plans and the developed planner must have the innovative features in
order to have the capability of executing these kind of plans. These features are
listed below:

– Definition of reusable template plans that includes abstract task structures

for SWSA’s subprocesses and usage of these templates for generating agent’s

real plans by specializing these abstract tasks.

Some parts of processes introduced by SWSA is abstract because, they
change according to domain. Hence, it must be possible to generate a
template plan for SWSA and realize it on specific domains. Such tem-
plate plan must include variable (or abstract) tasks which can be spec-
ified based on the domain requirements. So, the plan structure must
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provide mechanisms to define and specify such variable task constructs
for developers. Without such a planning mechanism, it is impossible to
define reusable plan templates for executing SWSA processes. For exam-
ple, in service discovery, the client agent, first forms a query using the
required service’s profile, sends it to the matchmaker service, receives
advertisement profiles of semantically appropriate services and finally
applies a service selection policy to return a collection of suitable pro-
files. The reusable template plan for this service discovery process is
illustrated in Figure 3. As shown in the figure, “Form a Query for Ser-
vice Discovery” task and “Select Service(s)” task are abstract. Former is
abstract because the query could be formed either according to service
type or input/output parameter types or etc. Latter is abstract because
developers should be able to use various service selection criteria.

Discover

Candidate Sevices

candidate

sevices

abstract characteriaztions

of candidate service

Select Service(s)

candidate

sevices

service

profiles

 Send Message

message

Form a Query for

Service Discovery

query

message
abstract characteriaztions

of candidate service

external

provision link

Fig. 3. Decomposed view of the task for service discovery

– Support for recursion on the plan structure.

By a recursion we mean a situation where one instance of a task is an
ancestor in the planning tree of another instance of the same task. Con-
sider the engagement process of the client agent given in section 2.2.
At first, one of the candidate services are chosen and then completeness
of all service invocation parameters is assured. After the assurance, ne-
gotiation on QoS metrics and agreement settlement are performed. If
either assurance or negotiation tasks fail, the engagement process will
be restarted for unselected services (Figure 4). To provide this iteration
the plan structure must have support for recursion. Such support needs
the ability for a task to contain itself as a sub-task (in Figure 4, “Engage
with a Service” contains itself as a sub-task).

– Constitution of composite services by using semantic service execution plans

in agent’s real plans.

To generate domain dependent service execution plans, developer must
realize “Execute Service” template plan shown in Figure 2. Consider the



126 Ö. Gürcan et al.

fail

OK Same tasks

Engage with

a Service

selected

service provider

service 

agreement

candidate

sevices

Engage with

a Service

selected

service provider

service 

agreement

candidate

sevices

Negotitate with

Candidate Service

selected

service provider

service 

agreement

candidate

sevice

unselected

sevices

unselected

sevices

Select a Service

unselected

sevices

candidate

sevice

service

profiles

Assure on Parameters

unselected

sevices

candidate

sevice

candidate

sevice

unselected

sevices

OK

fail

Fig. 4. Decomposed view of the task for service engagement

Reserve Hotel

Take User Preferences

preference info

 Find a Hotel

preference info hotel info

 Make Hotel Reservation

reservationhotel info

 Show Reservation Result

reservation

 Make Room Reservation 

reservationroom

 Find a Room

roomhotel info

Concrete realizations of

"Execute Service" 

reusable template task

Fig. 5. Hotel reservation plan

HTN plan for reserving a hotel room shown in Figure 5. Reserving a ho-
tel is as follows: first user preferences are taken, and according to these
preferences a hotel is found, then it is tried to make reservation with that
hotel and finally results are shown to the user. In this plan, “Find a Ho-
tel”, “Find a Room” and “Make Room Reservation” sub-tasks of the plan
are concrete realizations of “Execute Service” task. They are connected
with their provisions and outcome slots, and because they are domain
dependent plans they know what input parameters they will take.

4 SEAGENT Planner

4.1 Internal Architecture

The overall structure of the planner architecture (Figure 6) is designed to ex-
ecute HTN structure(s) that includes complex and primitive tasks. In order to
execute a plan, the planner dynamically opens the complex root task using the
’reduction schema’ knowledge, and this reduction continues until the planner
finds actions (directly executable tasks), and then the planner executes these
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Fig. 6. Overall structure of SEAGENT planner

actions. Propagation of output values of the executed task to other dependent
task(s) is handled by the “plan structure” itself. The planner is composed of four
functional modules: dispatcher, matcher, scheduler and executor. Each module
runs concurrently in a separate Java thread and uses the common data struc-
tures. All together, they match the goal extracted from the incoming FIPA-ACL
message to an agent plan, schedule and execute the plan following the prede-
fined HTN based plan. In the following, we briefly explain responsibilities of each
module during plan execution.

The planner is responsible for processing incoming and outgoing messages,
matching (finding), scheduling and executing tasks. When a FIPA-ACL message
is received by the agent, it is enqueued to incoming message queue by the com-
munication infrastructure layer. Dispatcher checks incoming message queue for
the existence of an incoming message, if so, it parses the message and checks
whether it is part of an ongoing conversation or not. If so, then the dispatcher
finds out the task waiting for that message from pending task hash table, and
sets the provision(s) of that task. If the incoming message is not part of an on-
going conversation, then the dispatcher creates a new objective, puts it to the
objective queue.

Matcher is responsible for matching the incoming objective to a pre-defined
plan by querying the plan library which is constructed using plan ontology and
match ontology. When a new objective is occurred, matcher gets message infor-
mation from it, and tries match a plan from the plan library for that objective.
If match succeeds, Matcher creates an instance of the plan and enqueues it to
behaviour queue.

Scheduler’s role is to determine the execution time of each behaviour. Sched-
uler gets behaviours from the behaviour queue and prepares them for execution.
If all of the provisions of the behaviour are set, Scheduler reducts that behaviour



128 Ö. Gürcan et al.

by calling its reduct() method - decomposes the behaviour to its sub-tasks. All
sub-tasks are checked whether their all provisions are set or not. If provisions of
a sub-task are set, then, if it is an action it is put to the ready action queue, else
(if it is a behaviour) it is put to the behaviour queue. If not, the sub-task is put
to the pending task hash table to wait for its provisions to be set. They may be
action or behaviour.

Executor checks the ready action queue and if there are pending actions on
that queue, it gets and executes them by invoking their Do() method. After
execution of an action, produced outcomes are passed to the dependent task’s
provisions internally by the plan itself.

4.2 SEAGENT Plan Structure
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Fig. 7. Components of SEAGENT plan structure

Components of SEAGENT plan structure are shown in Figure 7 (only key
attributes and operations are shown). Tasks are represented with Task class
and have a name describing what it is supposed to do and have zero or more
provisions and outcomes. Provisions might be of two types: internal provision
and external provision. Internal provisions are provisions whose value’s are in-
ternally set within the plan, in other words, value of internal provisions is deter-
mined by outcome of another tasks. External provisions, on the other hand, is
set externally, with an incoming FIPA-ACL message. Incoming messages from
another agents are routed to the external provisions of pending tasks. This rout-
ing is done according to conversation-id and in-reply-to fields of the incom-
ing message. There are various types of behaviours, such as OneShotBehaviour
which is executed only once, TickerBehaviour which is executed periodically
and WaiterBehaviour which is executed after an amount of time is passed. All
specifications about behaviours and actions is hold by themselves and, these
specifications are described by using defineXXX() methods.
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To write an action, it is enough to extend Action class, define provisions
and outcomes using defineProvision() and defineOutcome() methods and
finally implement do() method. Writing behaviours is a bit different because,
behaviours have no do() method, and they only hold the specifications about
its sub-tasks, and relationships between these sub-tasks. Also they may contain
provision and outcomes, and, definition of provisions and outcomes is just as in
actions. To define sub-tasks, defineSubtask( String className ) method is
used by giving the absolute class name of the task to be added to this behaviour.
For example, “Enact Service” task in Figure 2 can be defined in “Execute Service”
parent task as defineSubtask( EnactService.class.getName() ). And also
provision links must be defined in order to satisfy information flow by using
provision link definition methods5.

4.3 SWSA Support in Planning Level

As mentioned in section 3, SEAGENT planner has innovative features to handle
the workflows of the SWSA processes. This section shows how these features
are satisfied by SEAGENT planner. The built-in support makes implementing
overall processes of SWSA easier for developers.

Template Plan Support. In SEAGENT it is possible to create template
(generic) plans. The basic idea resembles abstract class logic in object orien-
tation. That is, to construct a generic plan, describe the main characteristics of
a plan leaving some special pieces (tasks) unimplemented. So that in the future
they may be specialized and used (remember the service discovery plan in Figure
3). Tasks defined in reusable template plan can be extended (by redefinition of
abstract tasks) to concrete plans. The important point here is the confliction of
the specifications of the abstract task to be extended (provision and outcome
definitions) and specifications of the extended concrete task. To implement tem-
plate plans, construct the plan as a normal plan but use abstract task definitions
where you want to make abstract tasks.

In SEAGENT, to define sub-tasks, defineSubtask() method is used by
giving the class name of the sub-task as a parameter. If we want to define
an abstract sub-task, all we need to do is to give the name of the abstract
sub-task indirectly. This can be done by using an abstract method that re-
turns the name of the sub-task, and passing this abstract method as para-
meter to defineSubtask() method. For example, “Select Service(s)” abstract
task in Figure 3 can be defined in “Discover Candidate Services” parent task
by using getSelectServicesTaskName() abstract method ( defineSubtask(

getSelectServicesTaskName() ). Concrete realization of this plan is made by
extending this plan and implementing the abstract methods that return the class
names of the concrete tasks.

Recursion Support. Recursion is another capability of SEAGENT planner.
By a recursion we mean a situation where one instance of a task is an ancestor
5 defineInternalProvisionLink() and defineExternalProvisionLink().
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in the planning tree of another instance of the same task. This is usually used
when we cannot satisfy something in a task and want to execute this task again
but with different provisions. Since there is no restriction on defining sub-tasks,
a task may contains itself as a sub-task. But the important point here is that
the decomposition of the successor task must be in control, just like in recursive
methods in traditional programming. In SEAGENT, the decomposition of a task
is controlled via its provision’s state, that is, if all provisions are set or there is
no provision then the task decomposes. So, in a recursive HTN plan, recursion
tasks must contain at least one provision and the value of this provision must
be different from its ancestor’s value (see Figure 4). Otherwise an infinite loop
arises and our agent crashes.

Constitution of Composite Services Support. Constitution of composite
services is simple in SEAGENT, because there are predefined reusable template
plans for service execution (see Figure 2) in plan library and, developers can use
these plans to construct their own domain dependent service execution plans and
compose them just as building an ordinary plan (see Figure 5). The important
point here is the satisfaction of input/output compatibility and this is easily
handled by the correct concrete realizations of the abstract tasks.

5 Conclusion

The SWSA is currently a working group recommendation and describes ab-
stract infrastructures and related processes for semantic web services and agents
interaction in a conceptual base. We believe that this architecture brings a com-
prehensive model of software agents which utilize and provide semantic web
services. However this architecture is a product of an initiative study and most
of its components are only theoretically defined, not implemented. In this paper,
a new MAS software platform, which aims to concretely fulfill fundamental re-
quirements of the SWSA, has been introduced. We have modeled subprocesses of
SWSA as reusable plans by HTN approach and provided a framework in which
those plans can be executed in a composite fashion by agent planners. Hence,
platform agents can accomplish execution of discovery, engagement and enact-
ment processes for semantic web service interaction by employing those reusable
and predefined HTN plans. We have also discussed necessary properties of an
agent planner which can execute those defined plans. Such a planner has been
implemented based on the SEAGENT platform.

In the paper we focused on the requirements of the planner for execution of
SWSA subprocesses. But we are also working on the other parts of the software
architecture. For example, service discovery mechanisms for the platform are
fully operational. Semantic capability matching of services has already been
implemented and platform agents are currently able to invoke semantic web
services in proper to OWL-S standards.

Perhaps our major weakness, considering both the software and reusable agent
plans, is seen in definition and design of the service engagement sub-process.
QoS topics are currently being studied and they weren’t addressed in detail
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by the service oriented computing community. Hence our QoS support during
the engagement process is extremely primitive and only composes monitoring
service. That support is also in its initial state. Security and trust mechanisms
have not been considered yet in our implementation.
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Abstract. The ever-growing number of services on the WWW provides
enormous business opportunities. Services can be automatically discov-
ered and invoked, or even be dynamically composed from more simples
ones. In this paper we concentrate on the problem of service discov-
ery. Most current approaches base their search on inputs and outputs
of the service. Some of them also take into account preconditions and
effects, and other parameters that describe the service. We present a
new approach that complements existing ones by considering the types
of interactions that services can be used in. We present our proposal
for a concrete application based on a real-world scenario for emergency
assistance in the healthcare domain.

1 Introduction

Service-Oriented Computing [9,10] is a software paradigm for distributed com-
puting that is changing the way software applications are designed. Services are
computational entities that can be described, published, discovered, orchestrated
and invoked by other software entities. The Semantic Web Services Architectural
framework [1] attempts to address the dynamic service discovery, service engage-
ment, service process enactment and management, community support services,
and quality of service.

Agent technology provides designers with an interaction-oriented way of de-
signing open software systems [15]. There is a growing awareness that organisa-
tional models are fundamental to regulate open multiagent systems so as to instil
desired properties [19,22,24]. Service-oriented and multiagent systems are quite
related [11]. Often, web service technology is used to support the interactions in
multiagent systems [5].

In this paper we concentrate on the problem of dynamic service discovery in
multiagent systems. Most current service discovery techniques [14,17,20] aim at
web services and base their search on inputs and outputs of the service. Some
of them also take into account preconditions, effects and other parameters that
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describe the service. However, agent-based service discovery mechanisms can also
make use of the information provided by the organisational model underlying the
multiagent system. Following this idea, we present a new approach that extends
existing mechanisms by considering the types of interactions that services can
be used in. We have built a service matchmaker following this approach within
the CASCOM project [2,8]. To describe our proposal we use examples from a
concrete application based on a realworld scenario for emergency assistance in
the healthcare domain.

This paper is organised as follows. In section 2 we present a role-based in-
teraction modelling approach for service descriptions and illustrate it in the
aforementioned use case scenario. In section 3 we outline what organisational
information is relevant for service descriptions in multiagent systems, and show
how it can be represented in OWL-S. The matchmaking algorithm is presented
in section 4 and its implementation is evaluated in section 5. Finally, section 6
summarises our proposal and points to future lines of work.

2 Role-Based Interaction Approach to Service

Description and Discovery

In order to improve both the efficiency and the usability of agent-based service-
oriented architectures, we suggest exploiting common organisational concepts
such as social roles and types of interactions to further characterise the context
that certain semantic services can be used in. In this section we outline our
role-based and interaction-centric modelling framework [18].

The CASCOM abstract architecture [3] conceives services to be delivered es-
sentially by agents. In such an approach the agents usually act as mere wrappers
for web services. The difference between a web service and a service provided
by an agent boils down to a matter of interface: an agent can provide an imple-
mented web service by a process of wrapping the service within an ACL interface
in such a way that any agent can invoke its execution by sending the adequate
(request) message.

However, agents are not only able to execute a service but can also engage in
different types of interaction with that service. For example, consider a health-
care assistance scenario, similar to the one treated in the CASCOM project [4]:
an agent providing a second opinion service should not only be able to provide a
diagnostic; it may also be required to explain it, give more details, recommend
a treatment, etc.

This means that the service provider is supposed to engage in several different
interactions during the provision of a service. Thus, if a physician or a patient
needs one or more second opinions, they should look for agents that include those
additional interaction capabilities around the “basic” second opinion service. In
a certain sense, this approach is similar to the abstraction that an object makes
by providing a set of methods to manipulate the data it encapsulates. In this
case, the agent provides a set of interaction capabilities based on the service.
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Most current OWL-S matchmakers [17,14] only consider logical inference on
service inputs and outputs in their matching algorithm. In the CASCOM project
we use OWLS-MX [13], a hybrid semantic matchmaker that also uses information
retrieval techniques for service matching. We have extended this matchmaker
with role- and interaction-based matching techniques in order to adapt it to
scenarios as the one outlined above.

In particular, the efficiency of the matchmaking process can be improved
by previously filtering out those services that are incompatible in the terms of
roles and interactions. The effectiveness of the matchmaking process can also
be enhanced by including information regarding the roles and interactions. For
instance, a diagnosis service may require symptoms and medical records as in-
puts and produce a report as output. However, the service functionality can be
achieved either (i) by actually generating the report, (ii) by retrieving a previ-
ously done or (iii) by a brokering service to contact other (external) healthcare
experts. As we will outline below, in all three cases the inputs and outputs are
the same, but the role the service plays in the corresponding interactions is
different.

2.1 Interaction Modelling

In order to develop role-based extensions to service discovery mechanisms we use
a subset of the RICA organisational model described in [18] and [19]. Setting
out from this basis, we first analyse different use case of the application domain
scenario. For each use case, we identify the types of social interaction as well
as the roles (usually two) that take part in that interaction. The next step
is an abstraction process in which the social (domain) roles/interactions are
generalised into communicative roles/interactions.

In the sequel, we will illustrate our approach based on the second opinion use
case in the healthcare domain. In this scenario, the patient (or the physician of
a local emergency centre) can ask an external health professional for a diagnosis
on the basis of the symptoms and the medical records of the patient, like exams
and past diseases.

The “conversation” between the patient and the health professional can be
modelled by a sequence of (communicative) actions between the two agents in-
volved, The patient asks the health professional for an opinion, providing the
symptoms and the medical records. If there is insufficient information, the health
professional requests additional information (possibly several times) and finally
gives his advisement. If the provided diagnosis is not sufficiently clear, the patient
can also solicit an explanation.

Starting from this conversation we can isolate 3 different interactions: (i)
the second opinion exchange, which can comprise (ii) a detailed information
exchange. When the second opinion exchange finishes, an explanation (iii) can
occur.

The result of this analysis is a basic ontology of roles. Figure 1 shows an
example, where the role SecondOpinionRequestee is generalized into a Medical-
Advisor role, which in turn is generalized into an Advisor role. Similarly, the
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SecondOpinion interaction can be generalized in a MedicalAdvisement interac-
tion and then in an Advisement interaction, in which the Advisor informs the
Advisee about his beliefs with the aim of persuading the Advisee of the goodness
of these beliefs.

Fig. 1. Roles and interactions taxonomy

2.2 Role and Interaction Ontologies

From the use case scenarios, we have derived an ontology that contains a tax-
onomy of types of interactions, and a taxonomy of roles that take part in those
interactions. Figure 2 shows a partial UML class diagram representation of the
interaction type ontology. There are two kinds of interactions, social interaction
types and communicative interaction types. Social interaction types are domain
interactions (Emergency Medical Assistance, Medical Advisement, etc.). Com-
municative interaction types are generic reusable interaction patterns. They con-
stitute abstract communication interactions that can be instantiated to different
scenarios. For instance, a medical advisement is a specialisation, in the medical
domain, of the generic advisement interaction type. In the UML diagram generic
(communicative) interaction types are represented as interfaces, whereas domain
(social) interactions are represented by classes.

The top concept of the ontology is the Communication, which represents the
most generic type of interaction. Any type of interaction is a specialisation of this
concept. The first level of specialisation is the ClosedActionPerforming interac-
tion type, which represents any interaction that implies an action performing.
Advisement, Admission, Assistance and InformationExchange are specialisations
of ClosedActionPerforming. For example, an information exchange is a particu-
lar case of action performing, where the informee asks the informer to execute
the action of informing about certain fact. Similar analysis can be applied to
the domain interaction types that specialise communicative interaction types
into social interaction types. For instance the ArrivalNotification is a particular
kind of notification interaction about the arrival of a patient to a hospital. New
(generic and domain) interaction types can be incrementally be added to this
taxonomy making it more complete and reusable.
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Fig. 2. Partial interaction type ontology

In line with the interaction taxonomy, there is a role taxonomy which includes
a hierarchy of the roles that participate in the interactions. For each concept in
the interaction ontology there will be at least two participant concepts in the
role ontology. For example, the informer and informee are concepts of the role
ontology that participate in the information exchange interaction.

These ontologies, and especially their generic (communicative) part, will be
used in the service description and matchmaking extensions.

3 Role-Based Service Description

In this section we outline our proposal to integrate role-based information into
service descriptions. We first describe a representation for role-based service ad-
vertisements and service requests, and then explain how this information can be
included in the OWL-S service profiles, the service description language we use.

3.1 Service Advertisements

Role-based service descriptions comprise two kinds of information related to the
interactions in which the service provider agent can engage:

1. the main role played in the interaction, e.g. the advisor role in the second
opinion service;

2. a set of roles that may be necessary to be played by the requester for the
correct accomplishment of the service. For instance, in an advisement in-
teraction of a second opinion service, the provider may need to initiate an
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information exchange interaction in which it plays the informee role, and
the requester plays the informer role. Necessary roles are given by a formula
in disjunctive normal form, i.e. a disjunction of conjunctions of roles.

These two fields are repeated for each main role the service can play. We may
graphically represent a service advertisement by a table with two rows, in which
each column contains the main role (first row) and the necessary roles (second
row).

Table 1. Abstract example of a role-based service advertisement

Main Role Necessary Roles

R1 (R4 ∧ R5) ∨ R6)

R2 (R6 ∧ R7 ∧ R8) ∨ (R4 ∧ R7)

R3

In this abstract example, the service provider agent can engage in three differ-
ent types of interactions when providing the service. It can play role R1, which
requires the requester to be able to play both R4 and R5, or R6. If this condi-
tion fails, then the provider will not be able to carry out the service properly.
However, when the provider plays the role R2, it requires the requester to play
either roles R6, R7 and R8, or otherwise roles R4 and R7. In the case of R3, no
role playing capabilities are mandatory for the requester.

3.2 Service Requests

In the case of a service requests, we consider that a query comprises two elements:

1. Main roles searched. Although one role will be enough in most cases, we
allow for more complex search patterns in which the provider is able to play
more than one role. As in the case of service advertisements, we require an
expression in disjunctive normal form here.

2. A set of roles that define the capabilities of the requester. These are roles
the requester is able to play. This information is important if the provider
requires interaction capabilities from the requesters. For example, the re-
quester of a second opinion can inform that it is able to provide information
(informer) if needed.

Table 2 shows an abstract example of a query in which the requester searches a
service provider able to play either R2 or both R4 and R6 to provide the service.
In addition, it states that it is able to play the roles R4, R7 and R1 if required.
The service described by Table 1 matches this query because the provider is able
to play one of the roles (R2) required by the requester and the requester can
play some roles (R4 and R7) that make true the necessary role conditions.
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Table 2. Abstract example of a role-based service request

Main Roles R2 ∨ (R6 ∧ R4)

Capabilities R4, R7, R1

More formally, we describe a registered service advertisement S and a service
request R as:

S = SET OF InteractiveRoleDescription
InteractiveRoleDescription = 〈MainRole, RoleExpression〉
RoleExpression = SET OF ConjunctiveRoleList
ConjunctiveRoleList = SET OF Roles

R = 〈MainRoleR, Capabilities〉
MainRoleR = RoleExpression
Capabilities = SET OF Roles

Tables 3 and 4 show a role-based service advertisement and request, respec-
tively, for the second opinion example. The request specifies that the requester
is able to play the informer and explainer roles if necessary.

Table 3. Second Opinion role-based service advertisement

Main Role Necessary Roles

Advisor Informer

Explainer

Informer

Table 4. Second Opinion role-based service request

Main Roles Advisor ∧ Explainer

Capabilities Informer,Explainer

Notice that our approach is compatible with services that do not make use of
the role-based extensions in their description. In case a service description does
not include the role-based approach, we assume it has a main role Communicator
(the top and most general concept of the ontology) and no necessary roles are
required from the requester. If the request does not include a role description,
we assume the requester is not interested in the role-based approach and the
matchmaker will omit that phase in the service matching process.

3.3 Extending OWL-S with Roles

We use the service description language OWL-S [16] in our system. An OWL-S
service description consists of three parts: the service profile used for advertising
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and discovering services; the process model, which details how the service oper-
ates; and the service grounding, which provides details on how to interoperate
with the service.

The service profile is designed to describe what the service does, so this is the
adequate location for role descriptions. A service profile basically includes infor-
mation about inputs, outputs, preconditions and effects, as well as non-functional
information like service category, service classification, service product, etc. How-
ever, organisational information such as roles or interactions does not fit in any
of those predefined fields, so we opt for including the role description as an ad-
ditional parameter, called ServiceRoles in the case of service descriptions and
QueryRoles for service requests.

4 Role-Based Service Matching Algorithm

We have developed a role-based matching algorithm that takes as inputs a service
request (R) and a service advertisement (S ), and returns the degree of match
(dom) between them. Essentially, it searches the role in the advertisement S that
best matches the one in the query (R). The match between a role in the query
and one role in the advertisement is made by the function MatchAtomicRequest,
which also receives the set of capabilities of the requester, in case it needs to
check if the necessary roles can be provided by the requester.

Figure 3 shows a pseudocode for the matching algorithm (Match function). As
described before, the request may not only include a role but also an expression
(a disjunction of conjunction of roles). The loops in lines 4 and 6 decompose
that expression, using the minimum as combination function for the values in a
conjunction and the maximum for disjunctions.

MatchAtomicRequest returns the degree of match between a role in the re-
quest and a service advertisement, given the set of capabilities of the requester.
It compares the requested role with every other given role and returns the max-
imum degree of match. For each role in the advertisement, the match between
the main roles is made, as well as the match between the necessary roles and the
capabilities of the requester. The minimum of both values is considered the de-
gree of match. Again, the necessary roles are given by a logical expression, which
must be evaluated by decomposing it within the MatchRoleExpr function.

The semantic match of two roles RA (advertisement) and RQ (query) is made
based on the ontology of roles. It is a function that depends on two factors:

1. Level of match. This is the (subsumption) relation between the two concepts
(RA, RQ) in the ontology. We differentiate among the four degrees of match
proposed by Paolucci et al. [17]:

(a) exact : if RA = RQ

(b) plug-in : if RA subsumes RQ

(c) subsumes : if RQ subsumes RA

(d) fail : otherwise

2. The distance (number of arcs) between RA and RQ in the taxonomy.
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We consider, for the moment, that all roles have the same importance and
that the generality (depth in the taxonomy) of the roles is not relevant. We
combine both criteria into a final degree of match which is a real number
in the range [0, 1], so service providers can be selected by simply comparing
these numbers. In this combination, the level of match always has higher pri-
ority: the value representing the degree of match is equal to 1 in case of an
exact match, it varies between 1 and 0.5 in case of a plug-in match, rests be-
tween 0.5 and 0 in case of a subsumes match, and it is equal to 0 in case of a
fail.

There are infinite functions that fulfil that precondition. One equation that
implements this behaviour is that in equation 2, where x is the distance be-
tween RA and RQ (depth(RA) − depth(RQ)) in the role ontology (if there is a
subsumption relation between them). This kind of function guarantees that the
value of a plug-in match is always greater than the value of a subsumes match,
and it only considers the distance between the two concepts, rather than the
total depth of the ontology tree1, which may change depending on the domain.
Furthermore, the smaller the distance between concepts (either in the case of
plug-in or subsumes match), the more influence will have a change of distance
in the degree of match.

Consider, for instance, the example case described in section 3. The degree of
match between the advertised role Advisor and the required role SecondOpin-
ionRequestee (that are related by a subsumption relation like the interactions
Advisement and SecondOpinion) is:

x = depth(Advisor) − depth(SecondOpinionRequestee) = 4 − 2 = 2

dom(x) = 1
2 + 1

2·e2 = 0.5677
(1)

The necessary role Informer is included in the capabilities set of the requester,
so an exact match (1) is obtained. The final degree of match is the minimum of
both values, i.e., 0.5677, which corresponds to a plug-in match.

dom(RA, RQ) =







































1 if RA = RQ

1
2 + 1

2·e‖RA,RQ‖ if RA is subclass of RQ

1
2 · e‖RA,RQ‖ if RQ is subclass of RA

0 otherwise

(2)

1 Note that, for instance, if a lineal function is used, the maximum possible dis-
tance between two concepts must be known a priori to establish the equation (e.g.
dom(x) = 1 − x/6).



A Role-Based Support Mechanism for Service Description and Discovery 141

01 Match(R: service request, S: service advertisement)

02 {

03 dom = 0

04 FOR ALL CRLi IN R.MainRoles {

05 dom’ = inf

06 FOR ALL rj IN CRLi {

07 dom’ = min(dom’,MatchAtomicRequest(rj,R.Capabilities,S))

08 }

09 dom = max(dom, dom’)

10 }

11 return dom

12 }

13 MatchAtomicRequest(role: Role, Capabilities: SET OF ROLES,

14 S: service advertisement)

15 {

16 dom = 0

17 FOR ALL IRDi IN S.InteractiveRoleDescription {

18 dom1 = MatchRole(role,IRDi.MainRole)

19 dom2 = MatchRoleExpr(IRDi.RoleExpression, Capabilities)

20 dom = max(dom, min(dom1,dom2))

21 }

22 return dom

23 }

24 MatchRoleExpr(RExpression: SET OF ConjunctiveRoleList,

25 Capabilities: SET OF Roles)

26 {

27 dom = 0

28 FOR ALL CRLi IN RExpression {

29 dom’ = inf

30 FOR ALL rj IN CRLi {

31 dom’ = min(dom’,MatchRoleInList(rj, Capabilities))

32 }

33 dom = max(dom, dom’)

34 }

35 return dom

36 }

37 MatchRoleInList(role: Role, RL: SET OF Roles)

38 {

39 dom = 0

40 FOR ALL ri IN RL {

41 dom = max(dom, MatchRole(role,ri))

42 }

43 return dom

44 }

Fig. 3. Matching algorithm
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5 Evaluation

We have constructed a matchmaker (named ROWLS) that implements the algo-
rithm described in this paper. Our implementation relies on the Mindswap Java
Library 2 for parsing OWL-S service descriptions, and on Jena 3 for managing
OWL ontologies.

We have realized several experiments to evaluate the efficiency (response time)
and the effectiveness of our approach. For our testing, we used a subset of the
OWLS-TC v2 4. We annotated selected service descriptions with organisational
information (roles) and added new services and queries, leading to a set of 378
OWL-S that were used in our experiments.

As described before, the approach presented in this paper is intended to be
complementary to other general-purpose matchmakers. In our experiments, we
combined ROWLS with OWLS-MX [13], one of the leading hybrid matchmakers
available to-date. The results reported in the next subsections mainly compare
relevant features of a combination of ROWLS and OWL-MX compared to a
standalone use of the latter.

5.1 Efficiency Evaluation

Figure 4 depicts the results of the scalability tests that we have performed to
evaluate ROWLS5. It shows that the matching time increases linearly with the
number of services, giving an average of 0.03 ms in matching a query with one
service. This is two orders of magnitude less than OWLS-MX matching time.
We explain this by the fact that ROWLS concentrates on a smaller number of
characteristics of a service description. In addition, the ontology used by ROWLS
is smaller than the domain ontologies that OWLS-MX has to deal with.

Load time was not considered in the scalability test because it depends on
several external factors like disk access time, network connections, web servers,
etc. Note that parsing a service description usually implies accessing (via Inter-
net) and parsing several domain ontologies. Our tests revealed an average load
time between 100 and 200 ms per service, which is much higher than match
time per service. This implies two important architectural issues: (i) the combi-
nation of both matchmakers should be tight, sharing the internal representation
of the services (i.e. only loading every service once), and (ii) it is recommended
to integrate the matchmakers within the directory such that service descriptions
are parsed only once for different queries by implementing some sort of caching
mechanism.

5.2 Effectiveness Evaluation

Another relevant question is as to how far the use of ROWLS can improve the
results of a general-purpose matchmaker in terms of effectiveness. In particular,

2 www.mindswap.org/ mhgrove/kowari
3 http://jena.sourceforge.net
4 http://projects.semwebcentral.org/projects/owls-tc/
5 We used an Intel Pentium 4 3.00GHz computer, with 1GB Ram.
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Fig. 4. Matching time (ms)

we were interested in measuring the performance of an architecture in which
ROWLS is used as a filter which eliminates a number of services, so that they
need not be fed as input to OWLS-MX. For this purpose, our tests were car-
ried out with different ROWLS filter configurations that pass on only a certain
percentage of the best-ranked services (according to role-based matching) to
OWLS-MX (30%, 60%, 90% and 100%, respectively).

Our first experiments shed light on the different relations between precision
and recall [21]. Figure 5 shows the (macro-averaged) precision-recall-curves for
OWLS-MX alone and for the four combinations of ROWLS and OWLS-MX. As
shown in the figure, based on our test collection, using ROWLS as a filter for the
general-purpose OWLS-MX matchmaker yields to better precision compared to
a standalone version of OWLS-MX for all level of recall.

In open multiagent systems with thousand of services, which is the target
domain of our research, precision becomes more relevant than recall: we are in-
terested in finding one (or a small set of) service providers, but it is not necessary
to retrieve all of them. To account for this fact, we have performed experiments

Fig. 5. Precision-recall curves
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to come up with quantitative data regarding two alternative measures of effec-
tiveness proposed within TREC6 in such situations, namely average precision
and R-precision.

The average precision is shown in Figure 6 (left). It can be seen that the
combination of OWLS-MX and ROWLS outperforms a standalone OWLS-MX
based on our test collection: the less services pass the filter (ROWLS) the higher
is the precision. This is because ROWLS’ role-based matching is orthogonal to
the general-purpose matching strategy of OWLS-MX, thus filtering out irrelevant
services that OWLS-MX would have erroneously classified as relevant.

Fig. 6. Average precision and R-precision

Figure 6 (right) shows the R-precision values based on our test collection7.
Again, ROWLS enhances the behaviour of OWLS-MX. Note that the R-precision
increases with the number of services that pass the filter. This may happen be-
cause only the best ranked services pass the ROWLS filter, and the more services
are fed into OWLS-MX, the higher the probability that irrelevant services are
among them.

6 Conclusions and Future Lines

In this paper, we have described a novel approach for service description and dis-
covery in multiagent systems based on organisational models. We have identified
roles and interaction ontologies as key information to this respect, have applied
them to service advertisements and requests, and have formalised both on the
basis of OWL-S. An extension to common service matching techniques that ex-
ploits this additional organisational information has been put forward, which has
given rise to the implementation of the ROWLS role-based matchmaker. We have
shown that using ROWLS as a filter for a general-purpose matchmaker such as
OWLS-MX may enhance the overall performance of the matchmaking process.

6 http://trec.nist.gov/
7 Precision after retrieving R services, being R the number of relevant services of the

test collection.
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Organisational concepts, such as roles and interactions [12], are abstraction
mechanisms that have been used for many years in object oriented models, and
are now usually present in agent-oriented design methodologies [22,6,7]. How-
ever, current service discovery approaches [14,17,20] do not make use of these
abstractions to describe and search service providers. To the best of our knowl-
edge there are no service discovery approaches that exploit role and interaction
type information in multiagent systems.

We are considering some variations in several aspects of the algorithm pre-
sented in order to improve its precision. In particular, we will study how the
matchmaker behaves if other aggregation functions are used instead of minimum
and maximum to combine the degrees of match of individual roles, considering
methods from the field of fuzzy logic such as more sophisticated t-norms and
t-conorms.
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Abstract. Web services have gained popularity today for enabling uni-
versal interoperability among applications. In many scenarios, allowing
software agents to access and control Web services is important and
hence the integration between these two platforms. In this paper, we fo-
cus on technical aspects of an integration framework of Web services and
Jade agent platform. The mismatch of description and communication
between FIPA compliant agent platforms versus Web services are two key
challenges that must be addressed. Our implementation, WS2JADE, is
described and compared with WSDL2JADE - a previous implementation
on the same topic, and WSIGS - a recent proposal of Web service and
Agent integration architecture. In contrast to other solutions, WS2JADE
provides facilities to deploy and control Web services as agent services
at run time for deployment flexibility and active service discovery.

1 Introduction

With the emergence of the Web services standards, universal interoperability be-
tween applications is becoming reality. Following a loosely coupled integration
model and common service access standards, Web services enable flexibility in
the integration of heterogeneous systems. However, how to achieve the automa-
tion of Web services discovery, composition and invocation, or how to perform
Web service execution monitoring and management are still open issues. Agent
software is a promising technology to solve such problems. Unfortunately, Web
services and agents were originally developed separately with different standards
and specifications. Therefore, integrating between these two platforms becomes
important in this context.

There has been many research on the topic of Web services and agent inte-
gration, to provide access to Web services from agent platforms and vice versa.
This issue has also been addressed in the AgentCities project [3]. Main identified
obstacles are the description mismatch and communication mismatch between
Web services and Agents. A proxy approach has been recommended as the most
suitable solution for the current stage of Web services and FIPA compliant agent
platforms.

In this paper, we propose an enhanced solution for Web services and FIPA
compliant Multi Agent System integration that offers many advantages over ex-
isting solutions. Specifically, we discuss different ways how Web services can be
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visible to Agents and how they can be accessed and used by Agents. We first
present some background on the issue and then propose an approach for the inte-
gration followed by a proof-of-concept implementation for a specific case of Web
services and JADE agent platform. We contrast our tool with WSDL2JADE and
WSIGS to show that WS2JADE, compared to WSDL2JADE, has more advanced
features including dynamic Web Service deployment at runtime, improvements
of more capable proxy agents and WSDL parsing functionality.

In the next section the paper discusses the related work. The WS2JADE
approach is proposed in Section 3, followed by an example of its functionality in
Section 4. Finally, Section 5 concludes the paper and outlines future work.

2 Related Work

In the area of theoretically-related work, a symmetric integration of Web services
and FIPA-compliant agent platforms has been proposed in [3] as a high-level ar-
chitectural recommendation from the AgentCities. The reason of this symmetry
is that Web services were developed without the concept of Agents (i.e. FIPA
agents) and can exist without Agents. The symmetric architecture takes into con-
sideration that many Web Service clients, though may have autonomous charac-
teristics of agents, are not conformed to the FIPA specifications. A proxy-based
approach allows the two platforms to be evolved in parallel without imposing
any restrictions on each other. This approach accepts the equity between the
roles of agents and Web services, which is different to the traditional view that
Agents are considered one level up from Web services, and agents take solely the
roles of Web services providers and consumers. As can be seen from Figure 1
taken from [3], a FIPA agent service environment exists in parallel with a Web
service environment. The ”FIPA Agent Service to Web service Gateway” on the
border between the two environments allows FIPA agents to access Web services

Fig. 1. Agents and Web services can communicate through language translation gate-
ways [7]
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by translating ACL messages to Web service invocations. In the reverse order,
the ”Web Service to FIPA Agent Gateway” exposes and registers agent services
in UDDI Registry Server so that any Web service client can use them. Following
AgentCities recommendations, two separate pioneer implementations have been
proposed to solve two ends of the problems for FIPA compliant Jade Agent sys-
tem: Exposure of Web services to Jade agents by Sztaki [12] and exposure of
Jade agent services to Web services by Whitestein Technology [1]. Whitestein
Technology has released their tool WSAI (Web service Agent Integration) as an
open source code in its first version. Another tool from Whitestein, WSIGS (Web
Service Integration Gateway Service), is under development and its architecture
has been published in [11]. WSDL2JADE has been released as an online program
that converts WSDL file to Jade classes. It takes an input of a Web service ad-
dress and generates outputs of Jade agent code and agent ontology for the Web
service. There is no run-time deployment capability. Based on some test cases
we have carried out with Sztaki’s WSDL2JADE, there are also some problems
we notice with that tool. A sample of input WSDL test file can be found at
WSDL2JADE homepage [2]. For example some XML enumeration values and
type information are missing in the generated ontology files with XML Enumer-
ation data type. It prevents client agents to use operations related to this data
type. WSAI and WSIGS have been proposed by Whitestein Technology [11].
WSAI [1] allows Web service clients to use JADE agents’ services. In order to do
this, WSDL files are generated for these agent services. Technically, at this stage
WSDL files are created manually from these agents’ behaviors. It also requires
”interface agents” to communicate with a target agent. These ”interface agents”
are created and destroyed per Web service client invocation of the agent ser-
vice. However it appears that the applicability of WSAI in practical situations is
limited because of two major obstacles. Firstly, Jade agent service specification
is specified loosely and not based on message levels. This makes it difficult to
automatically generate WSDL interfaces. Secondly, the default single-threaded
mode of Jade agent, and the asynchronous and stateful nature of agent com-
munication do not fit well in the current implementation stage of Web service
communication which mostly focuses on synchrony. There have been discussions
of asynchrony versus synchrony in [3]. However, how to translate stateful com-
munications of Agents, in which conversations and history of past interactions
with other Agents are remembered, to stateless communications of Web service
is not discussed. We believe that the WSRF (WS-Resource Framework) specifi-
cation [9] where a stateless service can have stateful resources could be applied
here for a solution.

WSIGS is under development at the writing time of this paper. WSIGS pro-
poses an architecture for bi-directional integration with no special Agents [11].
WSIG is a set of codecs that do the translation between agents’ ACL (Agent
Communication Language) and Web Services’ calls. To be visible in both envi-
ronments, WSIG is registered as a special agent service in FIPA DF (Directory
Facilitator) and a special Web Service endpoint in UDDI directories. When an
agent wants to invoke a service (Web service) registered in WSIG registry, the
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request is passed on to WebServiceInvocation, a component of WSIG, to perform
the actual Web service invocation. The requirement for services in one environ-
ment to be registered by their owners in a public directory before they can be
seen in other environments reflects the assumption that Web services need to be
registered before they can be discovered. This is true for a model like UDDI but
in more recent P2P models the assumption is no longer hold.

3 WS2JADE Approach

This section describes a proposed approach for the integration of Web services
and Jade agents with WS2JADE. From an architectural perspective, WS2JADE,
in accordance with [3], forms a Web service to FIPA Agent Service gateway.
There are two distinct layers in WS2JADE: interconnecting layer and manage-
ment layer. The interconnecting layer contains interconnecting entities that glue
Web Service and agents together. The management layer, being static, creates

Fig. 2. Web services are connected to JADE agents via a management layer and a
communication interconnecting layer

and manages those dynamic interconnecting entities. In WS2JADE, the inter-
connecting entities consist of special agents, ontology and protocol specifica-
tions. We call these special agents WSAG (Web Service Agents). WSAG are the
agents capable of communicating with and offering Web Services as their own
services. The combination of a static and a dynamic layer is a distinct feature of
WS2JADE as compared to different tools mentioned in the previous part. The
WS2JADE static management layer is capable of active service discovery and
automatically generating and deploying WSAG at runtime. It is an advance-
ment over WSDL2JADE since it can automate the agent deployment process.
Instead of being passive like WSIG, the WS2JADE is designed to actively dis-
cover Web services and registers them on DF if required. Also, each WSAG is
multi-threaded and has its own Web service invocation module.

Figure 2 shows that WS2JADE management can be looked at from a dif-
ferent perspective as a layer which is capable of projecting Web Service or any
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Service Oriented environment layer into JADE agent layer. The output of this
projection is the interconnecting entities. As depicted in this figure, three map-
pings are carried out by WS2JADE during the projection: ontology mapping,
interaction mapping, and assignment mapping. These mappings are handled by
three main components that construct the WS2JADE management layer: on-
tology generator and management, interaction generator and management, and
service assignment management. These components form the WS2JADE man-
agement part as shown in figure 3. Figure 3 presents different components within

Fig. 3. Different system components in WS2JADE

WS2JADE system and how they are linked to JADE. The vertical rectangular
box is WS2JADE, the horizontal one is JADE. Note that the overlap between
WS2JADE and JADE is the components in WS2JADE interconnecting layer:
generated interaction protocols, ontologies, and WSAGs. Figure 3 also illustrates
a scenario for WS2JADE operation, in which a client agent searches for some
service on DF. The DF can trigger WS2JADE to look up for available services in
the Web service environment. If some Web services are found, their correspond-
ing ontology and interaction models are generated. Also, a WSAG capable of
accessing the Web service is generated. This WSAG registers the Web service as
its service on DF and communication between the client agent and this WSAG
can start if the client agent wants the service. The following will discuss each
WS2JADE component in turn.

3.1 Ontology Generation and Management

The ontology generator is responsible for ontology generation and ontology man-
agement. It translates data and its structure from Web service WSDL interfaces
into meaningful information for Agents. A detailed explanation of a WSDL docu-
ment can be found in WSDL specification [8]. WSDL describes abstract concepts
and concrete entities. Abstract concepts are port type, operation, message and
data type. Concrete entities are data encoding style, transport protocol and net-
work address. In WS2JADE, the abstract concepts are relevant for the ontology
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mapping management as Agents need to know how to invoke operations of a
Web service. The concrete entities are handled by the interaction translator and
management component. WS2JADE ontology translator and management com-
ponent converts Web services’ data types and operation inputs and outputs into
agent ontologies. The corresponding WSDL port type is tagged in the structure
of the ontologies. According to JADE documents [1], JADE ontologies can be
represented as Java classes, which are convenient for Jade agent’s manipulation
and processing. Alternatively, it can be in other formats such as RDFS and OWL
for interoperability with other FIPA compliant agent platforms. Our WS2JADE
toolkit supports Jade native ontology and OWL. To generate ontologies in Java,
a WSDL data type is converted to a concept in agent ontologies. Two concepts
are generated for each WSDL operation. One is for the operation input mes-
sage and the other is for the output message. WSDL data types can be built-in
XML types. The list of built-in simple XML data types are defined in the XML
schema specification. We map these built-in simple data types to Java primitives
that are supported by Jade ontology representation. For XML data types that
are not built-in, special customized Java classes are used, for examples, Beans,
Enumeration Holders and Facet classes.

Generating ontologies in the OWL format is simpler than in Java classes
because OWL and WSDL both use XML. Similar to Jade ontology generation
approach, data types and messages in WSDL are mapped to concepts in OWL.
There is a one-to-one relationship between concepts in ontologies generated in
Java and OWL . OWL is still very new and subjected to changes; however we
share the belief that it will continue to play an important role in Semantic Web
with an increasing support from agent communities.

In addition to ontology generation, ontology management is important in
WS2JADE. WS2JADE organises generated ontologies in an efficient way. For
data types that can be shared among different Web services, the corresponding
generated ontology concepts are shared and form a common ontology base. It
means that every time a new Web service is presented as an agent service, part
of the existing ontology base and domain knowledge can be reused for this new
service. Also, this allows the ontologies to be structured in a manageable way.

3.2 Interaction Mapping

The interaction mapping management component handles the conversion from
Web Service communication into agent communication. Specifically, it converts
Web service transport messages into ACL envelopes and Web service interaction
patterns into agent protocols. These are correspondent to two sub-functionalities:
language translation and interaction conversion.

Language Translation: To translate Web Service transport messages (com-
monly SOAP) into agent ACL messages, the SOAP envelope is first projected
into Java languages and then into ACL. We do not translate SOAP into ACL di-
rectly because of two reasons. Firstly, we want to reuse our generated ontologies
and existing Java implementations of SOAP. Secondly, we make an assumption
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Fig. 4. Interaction Translator and Management

of the agent’s intelligent capabilities to understand and process the messages ac-
cording to its own logic in addition to language translation before forwarding the
messages. This is best done by translating SOAP and ACL into Java - the na-
tive language for JADE. Figure 4 indicates that when a WSAG receives a SOAP
message, it uses the Language Translation component to convert this message
directly to ACL and send to the client agent. It can also perform some reasoning
and modification on the message by converting the message to Java classes before
any translation into ACL. In the Language Translation part of the interaction
management component, Axis’ JAX-RPC (Java API for XML based Remote
Procedure Call) implementation and JADE support for content languages and
ontologies are used for translations between XML and Java, and between ACL
and Java. Axis is one of the most popular open source implementations of SOAP
today. On one hand, JAX-RPC, led by Sun, is a specification of Web Service
Invocation framework in Java. In JAX-RPC specification, at the client side, Java
to XML translation in remote method call is done through a mapping from Java
client stubs to the SOAP message representation. On the other hand, in JADE,
information represented in Jade ontology-supported classes (Java objects) can
be converted to different ACL content languages, including SL and LEAP. As
can be seen from Figure 4, language translation is leveraged by the reuse of
existing technologies instead of reinventing the wheel. SOAP-ACL translation
is done by piping SOAP-JAVA and ACL-JAVA translation together. The main
task of the language translation component is to map Axis stubs to Jade on-
tologies. However, we found out that due to the restrictions of Jade ontology
and JAX-RPC classes it is not easy to convert data between them. In particu-
lar, an automation of the conversion process for any data types is difficult. We
use special classes which represent the ontology facets to preserve precisions in
the conversion process. There has been a similar discussion in [12] for Sztaki
WSDL2JADE. Complex data mapping in WS2JADE (for example mapping of
Axis Holder and Enumeration types to Jade ontology concepts and classes) is
done recursively through simple data type.

Interaction Pattern Translation: In the interaction pattern translation com-
ponent, we focus on choreography. By “choreography” we mean the required
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patterns of interactions among parties. It is in contrast to “orchestration” that
describes how a composite Web service is constructed from other atomic ser-
vices. For a composite Web Service, choreography is obtained by looking from
an outsider’s perspective. It tells the Web service clients different steps of how
to use a composite service.

We have mapped simple interactions implicitly described in WSDL docu-
ments into standard FIPA interaction protocols. Web service (WSDL version
1.2) provides four types of operation: one-way, request-response, solicit-response,
and notification. In the one-way operation, a Web service client sends a request
without receiving any response from the Web service. In the request-response,
the client sends a request and receives a response synchronously. In the solicit-
response, the Web service sends a solicit request to the client and receives a
response. In the last type, notification, the Web service notifies the client with-
out receiving any response. These four types of Web service operations lead to
three common interaction patterns in practice: request-response, solicit-response,
and subscribe-notification. The request-response and solicit-response interaction
patterns correspond to those of Web service operation types. The subscribe-
notification interaction describes the conversation style in which a client registers
to the Web service in order to receive notifications when some event occurs. Table
1 summaries the mapping between these interactions styles into agent protocols.
More information on FIPA Request Interaction protocol, Request Interaction
protocol, and Subscribe Interaction protocol can be found in [5].

3.3 Service Assignment Management and Service Discovery

The Service Assignment Management component is responsible for cardinal map-
ping and service deployment management. The cardinal mapping management
manages M:N relationship between Web services and WSAG. In WS2JADE, a
number of Web services can be offered as services of different WSAGs. In other
words, a WSAG can offer more than one Web Service and a Web Service can be
offered by more than one WSAG. This cardinal relationship is managed through
a registry that keeps records as triples of a Web service, a WSAG that offers the
Web service, and a new name of the Web Service in the agent platform. The ser-
vice assignment management also provides a tool for deploying and destroying
WSAGs, and assigns new Web services to a WSAG. It informs the WSAG which
ontologies should be used for a particular newly assigned Web Service. If an as-
signed Web service is reported to be no longer available, the service deployment

Table 1. Interaction pattern Mapping

WS Interaction patterns Agent protocols

Request-response FIPA Request Interaction Protocol

Solicit-response FIPA Request Interaction Protocol

Subscribe-Notification FIPA Subscribe Interaction Proto-
col
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management removes the service from the list of the offered services of WSAGs
and from the DF.

The Service Discovery component is designed to discover Web services. It is
essentially a piece of software that can use Web service discovery protocols and
translate the received information into agent service description for DF. As men-
tioned above, we prefer an active discovery model rather than waiting for services
to be registered. At the time of this writing, Web service discovery protocol is
complex and subject to change with the latest revised version of WS-Discovery
specification which uses multicast protocols. Traditional Web service discovery
mechanism of UDDI shares a common model with agent DF in a sense of accessing
the directory. However, UDDI has evolved away from the concept of a ”Universal
Business Directory” that represented a master directory of publicly available ser-
vices as DF still is. Most P2P based and multicast discovery protocols prove that
requesting service providers to register the services is not always the case.

3.4 Remarks

As discussed in [3], the main difficulties in integration of Web services and FIPA
compliant agent platforms are mismatches in communication and descriptions.
These are summarized in Tables 2 and 3, respectively. For translation from a Web
service to an agent service, WS2JADE handles these mismatches through its
different components. Although the current version of WS2JADE is operational
and offers many advantages over other tools, it can still be improved in a number
of areas.

For example to increase the ontology reuse and avoid redundancy, the se-
mantic mapping management component can be extended to detect semantic
equivalence of two syntactically different generated concepts and keeps one of
them only. In [2], the authors focus on this topic and outline some approaches.
This version of WS2JADE has not yet implemented that specific feature. An-
other area is the interaction pattern translations. Web Service Choreography
Description Language (WS-CDL) has been under development for same time.
WS-CDL is considered as a layer above WSDL in the Web Service technology
layer hierarchy. It describes a set of rules to explain how different partners may
act in a conversation. In WS2JADE approach, we plan to convert BPEL4WS
and WS-CDL (however not at this stage of WS-CDL development) into Agent
Unified Modeling Language (AUML [10]) for the overall protocol representation
in UML template. AUML is an extension of UML language for agents and has
been used as a standard language to describe FIPA interaction protocols. The
interaction translator and management will keep generated AUML documents in
its protocol specification repository which can be looked up by client agents (or
the client agents’ designers) before using the service. In this version of WS2JADE
we have not implemented the translation of WSCL to AUML. One reason is be-
cause the instability and immaturity in Web Service Choreography at this time
evidenced by the suppression of WSCI (Web Service Choreography Interface)
and WSCL (Web Service Choreography Language) by WS-CDL which is still in
the first draft version.
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Table 2. Communication Mismatch

FIPA agent communication W3 Web Service communication

ACL/IIOP+HTTP SOAP/HTTP

Asynchronous Synchronous/Asynchornous

Stateful Stateless

4 WS2JADE in Action

WS2JADE version 1.0, released in December 2004, implements the core compo-
nents with a gray color in Figure 3. From a user perspective, WS2JADE provides
two distinct tools: a tool for ontology generation and management and a tool for
deploying and controlling Web Services as agent services. The ontology gener-
ation and management tool is offered through the combination of the ontology
translator and the interaction pattern management components. The Web Ser-
vice deploying and controlling tool is provided through combination of the service
assignment mapping and the interaction pattern management components.

The ontology generation and management tool can be used alone from a
command line with an input of a WSDL address and several user options. The
options include whether the user want to generate ontologies for the immediate
imported XML types which are defined in other documents, and where to store
Web Service stubs and agent ontologies. Another option is to specify the name for
the agent service. The tool has been developed under ciamas.wsjade.wsdl2jade
package with Java main class ciamas.wsjade.wsdl2jade.WSDL2Jade.

In WS2JADE, the basic functionalities of a WSAG have been implemented in
ciamas.wsjade.wsdl2jade.utils. WSAgent. The users can reuse the code or extend
this base class to implement new functionalities, agent reasoning for example;
since the base class supports message translation only. If the agent is designed

Table 3. Description Mismatch

FIPA agent service W3 Web Service

Name - Name of the service Names of services, port types, oper-
ations, etc.

Type - Type of the service Type - Container of data type

Protocols - List of supported proto-
cols

Choreography interfaces

Ontologies - List of supported on-
tologies and languages

XML Schemas - different
namespaces imported

Ownership - The owner of the ser-
vice

Binding - Protocol and data format
specs for a port type

Port - Single endpoint as combina-
tion of a binding and a port type
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with some complex behaviors in which single threaded mode is preferred, the
base class can then be modified so that the agent is single threaded without
difficulties. WS2JADE’s Web Service deploying and controlling tool allows Jade
agents to deploy Web Services on the fly. The tool has been developed in cia-
mas.wsjade.management package with the main class for graphical administra-
tion interface at ciamas.wsjade.management.utils.Admin. WS2JADE operates
as follows. First important parameters in the configuration panel need to be set.
The gateway agent container is then started and new agents are created from
the ”Agent List” tab. After deploying the new agents, new WSAG agents ap-
pear on the Jade platform and ready to be assigned with Web Services. Once
the Web Services are assigned they have to be activated in order to be used by
client agents. The deployment process can be done simply as shown in Figure 5,
in which ”Amazon” and ”Google” services are deployed with a few clicks and
inputs of the real Amazon and Google Web Service addresses. The WSAG who
provide these services are ”AmazonProvider” and ”GoogleProvider”. Ontology
packages are generated and compiled on the fly, and the Web Services are now
available as services of these WSAG agents. The generated ontology package is
stored under the ”Jade output folder” and can be sent to a Web Server for down-
loading and using by the client agents. Also, since each WSAG is multithreaded,
each of them can serve many Web Services at the same time. In the deployment
process, these services must be assigned different agent-service names. These
names must be different for one WSAG and may be the same with the real Web
Service name. ”WS List” tab shows a snapshot of all deployed Web Services and
generated ontologies. To test the Web Service, the user may create a client agent
to use the distributed ontologies to invoke the Web Service through WS2JADE.
For Amazon and Google services in this example, simple client sample code can
be found from the WS2JADE distribution. Figure 6 shows the output of run-
ning sample Amazon client agent in the top window and Google client agent in

Fig. 5. Service Deployment Interface
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the bottom window. In which, the Amazon client sends a request to search for
all products with key word ”Java” under ”book” category from Amazon Web
Service; the Google client agent finds five most popular links for a search on
keyword ”ciamas”. Note that in order to compile and use these sample client
agents, developer keys are required to access the Amazon and Google Web Ser-
vices. These keys can be obtained for free after register from Amazon and Google
Web Service websites [4,6].

WS2JADE version 1.0 is freely available for download from http://www.it.
swin.edu.au/centres/ciamas . It should be noted that the current version
WS2JADE does not cover all aspects described in part 3, and knowledge of
the service URI that allows bypassing the discovery process is assumed . Imple-
mentation of these components is part of our on-going work.

Fig. 6. Amazon client Agent

5 Conclusions and Future Works

The paper presents WS2JADE toolkit for integrating Web Services and Jade
agent platform that allows Jade agents to offer Web Services as their own ser-
vices at runtime. Comparison with another pioneer implementation from Sztaki
is discussed to demonstrate the advanced features of the WS2JADE implemen-
tation.

Although WS2JADE offers many advantages over other existing tools its cur-
rent version has also some aspects that could still be improved. One-way inte-
gration is one of them. At the moment we are reluctant in any implementations
of the other end as we believe that, as discussed in the previous sections, there
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is still a lack of substantial theoretical work on the topic of agent to Web Ser-
vice integration. This is a subject of our on-going research. As a contribution to
Agent OpenNet, we are working on adding our WS2JADE deployment node into
the agent network. Our current and future work also involves improvements of
the semantic processing capability of the ontology management component. It
also includes an implementation of auto-translation of Web Service choreography
to agent protocol for dynamic mapping, invocation, and monitoring composite
Web Services. This will support more dynamic and robust integration between
the two platforms.
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Abstract. Ensuring reliability and adaptability of web services repre-
sents one of the main prerequisites for a larger acceptance of web services
technology. We present an agent based framework to model the global
behavior of atomic e-service and their composition using Z. We consider
failures associated with web services and we try to handle runtime ex-
ceptions through formal methods for specification and verification of a
composite service. In addition, our framework enforces the quality of
services, in terms of answer time, by providing Z-agents responsible for
these aspects.

1 Introduction

Service oriented computing [1] involves loosely coupled activities among two or
more business partners. Orchestration describes the way the fine-grained services
can interact with each other at the message level, to provide more coarse-grained
business services which can be incorporated into workflows. The process oriented
languages used in orchestration assume that the services combination is prede-
fined, which deeply affects business process reconfiguration.

We handle the dynamic nature of service composition using a formal speci-
fication that integrates process oriented paradigms with ontological knowledge.
Interleaving the execution phase with synthesis allows us to handle the predicted
and unpredicted situations that may arise as a result of services enactments. On
the one hand, the formal specification of the collaborating participants validates
and guarantees the correct execution of the composite service. On the other hand,
the transactional states within the composite service are flexibly manipulated in
order to achieve fault tolerance and robustness [2] during service enactment.

Even though for simple service specification there is a formal approach in-
cluded in WSDL version 2.0 [3], there has been essentially no formal work to un-
derstand the relationship between the global properties of the composite service
and the local properties of its atomic components [4]. Out contribution consists
in introducing a framework for modeling and specifying the global behavior of
e-service composition through the Z language, in a multi-agent context.

2 An Agent Architecture for Handling Services

Effective composition of web services relies on concepts thoroughly studied in dis-
tributed computing, artificial intelligence and multiagent systems. Web services

J. Huang et al. (Eds.): SOCASE 2007, LNCS 4504, pp. 160–174, 2007.
c© Springer-Verlag Berlin Heidelberg 2007
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are closely related to the agent programming paradigm. The definition of the
web services architecture states that a web service is an abstract notion that
must be implemented by a concrete agent [5]. Even so, web services do not cur-
rently assign any large role to agents and their interactions are still limited to
simple request-response exchanges [6]. MAS mediating web services introduces a
new kind of architecture, in which the communication patterns between agents
representing a service can be considerably more varied and complex.

A MAS approach for web services enhances their capability of dealing with
dynamic nature of environment and requirements. In our approach, the Z lan-
guage is used by the agents for representing domain data, state model or current
tasks. The Zeta-agent has the central role in the composition process, deciding
the services that will be included and their enactment order. According to the
Z-model, Zeta-agent recommends the next actions for each new state of the com-
posed service and updates the current state based on responses of the enacted
web services. If more than one service can be used for the current task, a reliable
agent chooses the proper one as regard to some quality criteria. A type-checker
agent decides how the operations are invoked.

2.1 Dealing with Failures

The composite service must deal with both deterministic and nondeterministic
failures. A deterministic failure occurs when an atomic service returns a nega-
tive answer which makes the composite service to deviate from the initial plan.
When the service does not respond within a time limit a nondeterministic fail-
ure has arisen, denoted by NF (Network Failure). Furthermore, handling failures
must meet time constraints. The client provides a ∆max time limit within which
the composite task must be accomplished. This time is split according to some
criteria and the milestones ti are attached to each subtask. When a subtask
is accomplished, the remaining milestones are adjusted. The reliability of the
composed service is ensured by monitoring its state and re-synthesizing it when
facing a failure.

The scenario used for testing our ideas is inspired from common medical ac-
tivities. A physician initiates a consultation for a patient Purgon by sending the
task Consult(Purgon) to a composition agent. Firstly, the generated composite
service should check for the patient’s insurance. It can exist more than one web
services representing insurance houses, which may be simultaneously interro-
gated. If the patient has an insurance, the patient history service is asked to
provide medical profile of the patient. Next, the physician consults the patient
and he writes a prescription, which is sent to the the hospital secretary ser-
vice. The secretary service updates the patient profile and it also requests the
insurance house to pay for the consultation. Deterministic failures can appear
on each state, for example if the patient does not have yet an insurance. The
medical profile is not indispensable, therefore the consultation can begin after
its allocated time has expired, even though the medical history service has not
yet responded (nondeterministic failure).
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3 Service Specification

This section covers the structural and behavioral specifications of the atomic
services in Z language and it also identifies the knowledge involved in the com-
position process, encapsulated as business rules. Operational reasoning, including
composition approaches in BPEL style, are fallible due to their limited adapt-
ability restricted to some expected course of actions. In contrast, the formal
reasoning views a composite service as a formula of which properties can be rig-
orously checked. The testing of composite service through execution, common to
operational reasoning, is not sufficient to ensure its correctness in the presence
of a large number of participating services and of the nondeterminism arising
from the behavior of these services.

3.1 Structural Specification

The formal structural model is generated from the WSDL specification, trans-
lated by an automated parser to Z language [7] which defines a Z generic type
for each WSDL component. The Z Component type represents the collection of
all these generic types for operations, messages and their components (figure 1).

Component ::= element〈〈Element〉〉 | part〈〈Part〉〉 | message〈〈Message〉〉 |

operation〈〈Operation〉〉 | messageref 〈〈MessageReference〉〉

Operation

Identifier

name : QName

type : OperationType

messageRefs : seq N

MessageReference

Identifier

message : N

direction : Direction

Fig. 1. Main types for WSDL description

The formal structural description makes possible the verification of referential
integrity for the concrete service model. Instances of these generic types are used
in type checking and behavioral specification of the service, and also for the
effective enactment of the services.

3.2 Behavioral Specification

Inspired by flow composition, the behavioral specification augments the service
specification with states modeling elements based on structural specification and
additional knowledge contained by the WSDL-S descriptions. For each WSDL
operation, a state transition is defined specifying its input values, the operation
and the global task that can be accomplished. At this level, an operation op! is
specified by its name and sequence of parameters corresponding to the elements
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of involved WSDL messages. This specification can be considered as a procedural
translation of the structural one. For example, the transition Pay1 achieves the
pay task by executing WSDL operation Pay1 with parameters patient? and fee?.

Pay1

fee? : N

patient? : QName

task! : TASK

op! : OPER

op! = op1〈| name == pay1,

param == 〈string〈| value == patient? |〉,

nat〈| value == fee? |〉〉 |〉

task! = pay

OPER ::= op1〈〈Operation1〉〉

Operation1

name : QName

param : seq ParamType

There are no specified preconditions for transitions at this level. More behav-
ioral information is added from the business rules at a centralized level. Inside a
service community all the transitions with the same task as output are supposed
to have the same final functionality from a service external viewpoint.

3.3 Business Rules

Current workflow technology is often too rigid [1], meaning that the agents have
limited possibilities to reason on the information provided by the current WSDL
specifications. Aiming to improve the adaptability and expressiveness, we con-
sider the composed service as a business process and we propose the use of five
different types of business rules together with the formal descriptions of services,
both structural and behavioral.

Domain task coordination are structural rules that define a task. In order
to have a shared representation of the tasks and their associated messages, we
consider a domain ontology having the following structure

– concepts: task, workflow task, messages. If the composed service needs the
human intervention, then the workflow task is used. There can be simple and
composed tasks, for the latter being necessary to achieve some other tasks.

– object properties: subtask, precedes: task → task, defining execution con-
straints between tasks. The property hasMessage: task → Message allows
defining the messages associated to a simple task.

– datatype properties: typeOfTask and typeOfMessage. We model two types
of tasks: typeT ∈ {informative, operational} where typeOfTask : task → typeT.
The operational tasks imply a change at the data level of the service (as
in updateHistory), while the informative ones (getHistory) are used only to
get some information thus being possible to be executed more than once,
even in parallel when more than one service provides operations for them1.

1 A task without a typeOfTask property becomes operational if one of its subtasks is
operational.
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Regarding the type of message property typeOfMessage : message → typeM,
there are two categories typeM ∈ {input, output}.

Querying the domain ontology provides for structural rules on tasks and exe-
cution constraints between them. Based on precedes and substask relations, one
can identify different control patterns for subtasks2. Considering our scenario,
the first two rules of the following schema represent a sequential pattern, whilst
the last one is a parallel pattern. Having a hierarchical decomposition of tasks
allows dealing with services of different granularity.

rules : seq P TASK ↔ TASK

rules = {

〈{startConsult}, {endConsult}〉 �→ consult,

〈{checkInsurance}, {getHistory}〉 �→ startConsult,

〈{payConsultation, updateHistory}〉 �→ endConsult}

Operation constraints express at a global level the constraints of the task
transitions through preconditions and effects. A task transition includes the task
accomplished, the concrete operations from all known services that are able to
achieve the task, preconditions, and effects expressed in terms of process and
domain variables. Process variables are used to monitor the composition process,
while the domain variables characterize the state of the composed service. The
preconditions include both process and domain variables, whilst the effects are
referring only to the domain variables.

In the example from figure 2, the SimplePayGYes transition accomplishes
the pay task and it is possible only if the pay task has not been achieved yet
(process variable condition) and the patient has insurance (domain variable con-
dition). The effect will be the change of the domain variable payConsultation.
The concrete operations are extracted from the behavioral specification of atomic
services (in the below example, from the Pay1 transition) and they are added to
the sequence of operations in the OpPayGYes component of the PayGYes task
transition. We have to observe that for the same task pay there can be more
services providing achieving operations, and all these operations are included in
OpPayGYes. The values of the process variables are not modified by transitions
accomplishing a task as it can be seen in HistoryComposedS schema.

The task transition for the pay task is the result of merging these three schemes
PayGYes == OpPayGYes ∧ SimplePayGYes ∧ HistoryComposedS. Due to the non-
deterministic nature of the composite service, task transitions must catch all
the possible situations. Therefore, more transitions are defined for the action of
paying, one for the case the transaction was successfully done and one for the
opposite case. When generating a plan, both of them are considered, but only
one can be included: PayG == PayGYes ∨ PayGNo.

2 These ones represent ontological control pattern. A different type of control pat-
terns appears when the composite service handles preconditions and effects for each
operation provided by the services.
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SimplePayGYes

∆SimpleComposedService

ΞHistoryComposedS

ΞInputData

task! : TASK

¬ (pay ∈ done)

hasInsurance = yes

task! = pay

hasInsurance
′ = hasInsurance

payConsultation
′ = yes;

OpPayGYes

∆OpComposed

ΞInputData

op
′ = op � 〈{Pay1 | patient? = patient;

fee? = consultationFee • op!}〉

HistoryComposedS

∆EffectComposed

done
′ = done

clock
′ = clock

∆
′

max = ∆max

Fig. 2. Pay operation constraints

Message translation rules define the changes on the process and domain
variables according to the response messages of the enacted services. Based on
the message rules, at every step of the composition, a new state is computed.

Business entity constraints define input requirements for the evolution of
variables through the entire composition process (the total cost of the composed
service, time limit constraint ∆max). In the formal specification they are expressed
as axioms | total price < 10 or as restrictions of type definitions. Therefore, when
animating the Z formal model their truth values are verified in all transitions.

Time constraints are rules that manage instances of time allocated to each
task and they influence the control flow of the composite service. Their role
is to identify failures and to exclude the operations which have generated the
nondeterministic ones from the re-planning process.

4 Z-Oriented Agents

In our framework we deal with a ”community of web services” [8]. Each service
is represented by an agent in the OAA community. The Z-based agents interact
with Zeta tool3 in order to define, verify, and animate the composite web service.
Composition is done in a centralized manner, having the Zeta agent as the main
orchestrator. The composed service is specified by the ComposedService type
having as main components the process variables describing the computation
process included in EffectComposed and OpComposed schemes, respectively the
InputData and the SimpleComposedService for the domain specific variables.

4.1 General Algorithm for Composition

The composition process (see figure 3) is the result of interleaving planning with
execution. It starts by generating plans according to available operations and

3 http://uebb.cs.tu-berlin.de/zeta/
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ComposedService

InputData

SimpleComposedService

EffectComposed

OpComposed

OpComposed

op : seq(P OPER)

EffectComposed

done : P TASK

clock : N
∆max : N

clock ≤ ∆max

time constraints. Besides the information from the business rules, for each atomic
operation x we consider the estimated time for execution Tx

e and the probability
of execution Px. We also use a factor βx that indicates if the corresponding task
for operation x is optional (βx = 0) or obligatory (βx = 1) and which is initially
provided by the domain ontology. Then, the optional tasks may be adjusted
(0 ≤ βx ≤ 1) by the current client in order to indicate how much the task is
desired. In this manner, client preferences are captured.

Each plan has a quality factor which depends on the estimated execution time
Tx

e for each operation, on the probability of success Px, and on the preferences
given by the client to the optional tasks4. When there are more than one gener-
ated plans, the best one according to this quality factor is chosen. The chosen
plan may not be entirely followed, after each enactment of a decided service, a
plan being chosen from the new generated plans.

In case a new plan is picked having the estimated time Tnewplan the extra time
is uniformly distributed to each operation. The service corresponding to the first
operation is queried and its answer is waited. If the answer does not assure the
achievement of the task, the available time of the operation is decreased and
the probability of success for that operation is updated. Even if Tx

available remains
positive, another plan may become the best one for the moment according to the
Fp factor. In case the same plan is chosen again, there is no need to redistribute
the extra time. If no new plans can be generated and the requested tasks are not
achieved, then the composition ends with failure.

4.2 Zeta Agent

This agent has access to the web services descriptions and to the business rules,
acting as an orchestrator for the composite service.

Planning Phase. The process of generating the coordination artifact has two
components that work together. A component that reasons above the domain
task coordination rules and a lambda calculus component that works on states
and tasks, trying to determine the sequence of actions related together by the
states composition.

4 For instance, the optional operations like updateHistory may have β = 0.5.
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begin

currentplan = {}
repeat

P=compose(currentState, tasks, ∆max)
if P �= ∅ then

for all p ∈ P do

Fp ←
�N

k=1

βx·P
x

Tx
e

, N =| p |

end for

newplan ← p with Fp maximal
if currentplan �= newplan then

Tnewplan
e ←

�N

k=1
Tk

e , N =| newplan |

T
newplan
s =

∆max−Tnewplan
e

N

for all x ∈ currentPlan do

Tx
available ← Tx

e + T
newplan
s

end for

end if

query the service associated to the first operation op of newplan

answers ← collectAnswers(op)
if updateState(currentState, answers, time) = ∅ then

T
op

available ← T
op

available − time

Pop ← update probability(T
op

available)
else

currentState=updateState(currentState, answers, time)
end if

end if

until P = ∅ or achieved(currentState, tasks)
end

Fig. 3. General algorithm for composition

step : TASK → (ComposedService ↔ ComposedService)

step = λ out : TASK •

{∆ComposedService | UniformOps •

(θComposedService, θComposedService
′)}

compose : P ComposedService → seq TASK → P ComposedService

compose = λ init : P ComposedService • λ tasks : seq TASK •

if #tasks = 0

then init

else

if((compose(init)(front(tasks))) ∩ (dom(step(last(tasks))))) ⊆ ∅

then ∅

else step(last(tasks))(|compose(init)(front(tasks))|)

The function compose generates the state corresponding to the composite
service in the planning phase. It receives the sequence of required tasks and the
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time constraints and determines the sequence of transactions that solve these
tasks. It is a backwards recursive process that generates on each step a relation
of possible before and after states for all the known transitions that accomplish
the current task, through the step function.

When a task can not be reached from any state transition, the Z agent tries to
decompose a task in subtasks and corresponding actions. A simple decomposition
could be done as in DecomposeTask action. This action is one of the UniformOps
that it is tried on every step of the composition.

UniformOps == UCheckInsurance ∨ UGetHistory

∨ UPayConsultation ∨ UUpdateHistory ∨ UDecomposeTask

DecomposeTask

∆ComposedService

task? : TASK

∃ x : seq TASK | x �→ task? ∈ rules ∧ ¬ compose({θComposedService})(x) ⊆ ∅ •

{θComposedService
′} = compose({θComposedService})(x)

The relation generated by the step function is used to reach the next state of
the ComposedService. The second condition of compose function expresses the
situation when none of the before state for the task matches the current state
of the ComposedService. In these cases, the empty set is retrieved, meaning the
composition of that task is not possible. There are three cases where the com-
position may fail in the planning phase: (i) when there is no available transition
for the task, meaning there are no service accomplishing the task, (ii) there are
no decomposition rules, and (iii) from one intermediate state it is not possible
to do the transition for the task.

Updating Phase. The response messages of the enacted services are received
by the Z agent and the new state of the composite service is computed according
to message translation rules. An UpdateState transition must be able to update
the composite service state according to the outcomes of the services inquired
at the current step.

Correctness of Composition. All the states of the composed service are
checked for validity according to the constraints expressed by domain task on-
tology and operation, respective message translation rules. The updating process
of the service state following the receiving of a message is conditioned by the
existence of a known transition possible in the current state that also follows
the message translation rules. We check the acceptance of the transition given
by the message by intersecting its after states set with all the possible after
states from the current one through stepEff function. An unexpected message
is considered to be valid for the composition process only if there is an available
atomic transition taking the current state to the after update states.
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updateState == λ now : P ComposedService; message : N; value : BOOLEAN;
time : N; • {∆ComposedService | UniformUpdateState •

(θComposedService, θComposedService′)}(|now|) ∩ stepEff (now)

stepEff : P ComposedService → P ComposedService

stepEff = λ beforeState : P ComposedService •
{∆ComposedService | SimpleUniformOps •
(θComposedService, θComposedService′)}(|beforeState|)

Interleaving planning with execution is the key element that assures the cor-
rectness of composition. If the service gets into an undesired state and compen-
sation or rollback transitions are defined in the transition knowledge base, they
will be included in the new plan, similar to the normal flow transitions.

The composite service (figure 5) is represented as a sequence of states, tran-
sitions being determined by querying a service (op1?) or receiving an answer
(mess1!). A sequence of a transition querying a service and one receiving the
corresponding message determines the achievement of a task (task1 ). The initial
plan contains the request of op2 that brought the composed service to the state 5
where mess2 is the expected message. Due to the failure of receiving the expected
message in the allocated time, a new plan is generated proposing op3 as the first
operation. The problem arises in state 7 where the composed service receives
the expected message mess3, but also the message mess2. The wrong message is
identified by the function stepEff, due to the fact that there is no defined atomic
transition equivalent to one of those generated by the updatingState transition
from state 7 and message mess2. The merging of states 6 and 8 is possible if
their variables’ values are consistent. In the case the merging is possible, there
is no need to search back, it is enough to re-plan. In the contrary case, the state
where the delayed message was expected must be identified and plans starting
from both states 6 and 8 must be generated. The best one is followed.

UpdateStateCheckInsurance

∆ComposedService

message? : N

value? : BOOLEAN

clock? : N

clock
′ = clock + time?

message? = checkInsuranceM

hasInsurance
′ = if value? = yes then yes else no

else hasInsurance

payConsultation
′ = payConsultation;

op
′ = ∅

done
′ = done ∪ (if value? = yes then{checkInsurance} else{})

Fig. 4. Update state schema for checkInsurance Message
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6
op1?

mess1!

     val1

mess1!

   val2

op2?

mess2!

op3?

op4?

mess3!

mess2!

var1=yes
var2=yes

var3=yes

var1=no
var2=yes

var3=no

task1 fail

?

1

5

7 8 op5?

Fig. 5. A case of asynchronous message

The fulfillment of the requirements in each state constitutes another important
component. The achieved function, receiving a service state and a task, checks
if the specified task is accomplished in that state. A task is achieved if it is an
atomic one, member of done variable, or there is a sequence of achieved subtasks
that accomplishes the task. This function is used as a termination condition of
the process.

achieved : P ComposedService × TASK → P BOOLEAN

achieved = λ currentState : P ComposedService; task : TASK •
{x : ComposedService | x ∈ currentState •

if task ∈ x.done ∨
(∃ seqx : seq TASK | seqx 	→ task ∈ rules •
∀ y : TASK | y ∈ ran seqx • yes ∈ achieved(currentState, y))

then yes elseno}

4.3 WSDL2Z Agent

The goal of this agent is to support the dynamic integration of web services. It
defines a middle-ware trading service for retrieving service instances that match
a given service specification in Z language. To obtain the WSDL specifications
available in the community, the WSDL2Z agent broadcasts requests of type
getWSDL. The obtained WSDL specifications are translated into Z and they
are compared with the model encapsulated in the proper domain agent. If the
specifications match, the names of the operations available in the community
and which are considered useful for the current composition are provided to the
Zeta agent.

4.4 Domain Agents

Domain agents provide a set of state variables and invariants for a specific do-
main. They have access to the domain task ontology and operation constraints
rules. Identification of the domain task coordination rules from domain ontology
is one of the responsibility of these agents.
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For the medical domain, the SimpleComposedService type is defined by two
domain variables hasInsurance and payConsultation, whilst the InputData type
specifies four input variables of the composed service. Together with the types
specific to the computation process OpComposed and EffectComposed, these two
types define the ComposedService type (see section 3.3).

InputData

patient : QName

consultationFee : N

diagnosis : N

receipt : QName

SimpleComposedService

hasInsurance : BOOLEAN

payConsultation : BOOLEAN

4.5 Reliability Agent

The specification in Z of non-functional properties of the composite service are
verified by this agent. The reliability of a web service represents the probability
that a request submitted to a service is correctly responded within the maximum
expended time frame [9]. This agent has the task to compute the reliability value
for each service from historical data about past invocations used when (i) the
plans are generated, the zeta agent verifies or estimates if the plans can be
executed within the time limit asked by the client and (ii) the OAA agent waits
for answers only the time estimated by the reliability agent, after that it reports
NetworkFailure and the zeta agent computes the next state.

4.6 Type-Checking Agent

Type checking is an important issue in web process composition. The process
execution engines typically throw exceptions when they encounter incompatible
types during data flow between activities. In order to use the output from one
web service as input to another web service, it is often necessary to perform a
data transformation. This agent acts as an intermediate layer between the client
and the service. The agent converts the data type provided by the client and
the data type supported by the service to Z representation and performs type
checking. The agent ensures both that only compatible types are used while
establishing a data flow, and also aids in decision making during the automated
data flow.

5 Related Work

Automated composition of web services is an open research issue. On the one
hand XML-based standards have been developed to formalize the composition
of web services. This line is primarily syntactical and the interaction protocols
are manually written. On the other hand, semantic approaches based on ontolo-
gies view the composition process as a goal oriented one, basically as a planning
problem. Our approach starts from a formal specification is order to automate
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and validate the composition process, but also provides mechanisms to use onto-
logical knowledge during the composition process. The main advantage relies on
using the built-in state transition composition mechanism of the Z language. We
advocate two strong points of the approach: i) it generates more reliable services,
and ii) the composition expressivity in Z language is not limited to the reasoning
capabilities of the description logic in OWL-S. Integration of agent technology
with web services and semantic web is also aimed in [10] or [11]. In the for-
mer, the integration of web services is coordinated with TucSon, while in latter
OWL-S descriptions of web services together with production rules are used by
workflow managers, developed in JADE, that build or complete the workflow
responding to the user requests. In our approach, the composition process is not
limited to the reasoning capabilities of the description logic.

A classical approach for monitoring the service execution consists in plan-
ning as model checking [12]. Our zeta agent deals with such monitoring aspects,
computing the current state using schema calculus. Specification of composite
services also uses service chart diagrams [13], providing a good number of con-
trol flow constructs. In our framework, the composition is verified at runtime,
handling some unpredicted exceptions through re-planning.

Formal specification of complex systems uses a combination CSP-OZ-DC
in [14] for the specification of processes, data and time. The WSAMI language
was also proposed for the specification of a composite service [2]. Given the
WSAMI specification of a service, an instance is automatically selected and com-
posed upon a user request, according to the services that may be retrieved in the
environment. In the web services context, the Z language was used for a formal
specification of a constrained object model for the workflow composition [15].
The above research is focused on the design aspects, the resulted Z specification
being compatible with UML. Our approach is more functional, the specification
being animated by the Zeta tool and then executed by Z-based agents.

The value of flexible provisioning for service flows has been shown [16] by
empirical evaluation in an experimental testbed.

6 Conclusions

In this paper, we introduce a framework for formal specification and verification
of composite services. We considered failures associated with web services and
we tried to handle such runtime exceptions by using formal methods. Using Z-
based agents, a series of advantages exists: i) both process oriented knowledge
and ontological knowledge are used in the composition process; ii) the operations
of a service are represented by Z-schemes and the correctness of the composition
is verified with the schema calculus; iii) the above mathematical framework is
not limited to the reasoning capabilities of the description logic; iv) due to the
existence of multi-agents, one can model more complex interactions between
services, not only request-response messages;

We plan to enhance the animation capabilities of Zeta by introducing a tool
for reasoning with the available Z specifications. Another challenge would be
dealing with the preference concept for describing different importance levels for
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the composition rules. The framework is a step forward a functional system where
the formal specifications and the semantic descriptions could work together for
improving the collaboration between services in open environments.
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Ma, Yu-Fei 63
Marginean, Anca 160
Mizoguchi, Yumiko 107

Nagano, Shinichi 107
Nguyen, Xuan Thang 147

Ossowski, Sascha 78, 132

Payne, Terry R. 16

Stein, Sebastian 16
Sun, Pei 63

van Riemsdijk, M. Birna 31
Vasirani, Matteo 132

Wirsing, Martin 31


