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Web Service Mining

George Zheng

(ABSTRACT)

In this dissertation, we present a novel approach for Web service mining. Web service mining

is a new research discipline. It is different from conventional top down service composition

approaches that are driven by specific search criteria. Web service mining starts with no

such criteria and aims at the discovery of interesting and useful compositions of existing

Web services. Web service mining requires the study of three main research topics: semantic

description of Web services, efficient bottom up composition of composable services, and in-

terestingness and usefulness evaluation of composed services. We first propose a Web service

ontology to describe and organize the constructs of a Web service. We introduce the concept

of Web service operation interface for the description of shared Web service capabilities and

use Web service domains for grouping Web service capabilities based on these interfaces.

We take clues from how Nature solves the problem of molecular composition and introduce

the notion of Web service recognition to help devise efficient bottom up service composition

strategies. We introduce several service recognition mechanisms that take advantage of the

domain-based categorization of Web service capabilities and ontology-based description of

operation semantics. We take clues from the drug discovery process and propose a Web

service mining framework to group relevant mining activities into a progression of phases

that would lead to the eventual discovery of useful compositions. Based on the composition

strategies that are derived from recognition mechanisms, we propose a set of algorithms in the

screening phase of the framework to automatically identify leads of service compositions. We

propose objective interestingness and usefulness measures in the evaluation phase to narrow

down the pool of composition leads for further exploration. To demonstrate the effectiveness

of our framework and to address challenges faced by existing biological data representation

methodologies, we have applied relevant techniques presented in this dissertation to the field

of biological pathway discovery.
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Chapter 1

Introduction

The Web was invented in the early 1990’s by Tim Berners-Lee to facilitate information

sharing among scientists [101]. It wasn’t until 1993 when the Web suddenly became widely

known among the public, thanks to the release of a Web browser called Mosaic. Mosaic

was made available to the average user and quickly captured the imagination of the pub-

lic about the Web through its intuitive graphical user interface. Governments, businesses

and individuals realized the great potential of the Web and took advantage of its growing

popularity by making their data and applications Web accessible. Although started as a

repository of information containing merely text and images, the Web has since evolved into

a host of both multimedia information and service-providing applications. These applica-

tions range from map-finding to weather-reporting to e-commerce. Some of the applications

involve, in real-time, hardware devices such as temperature sensors and traffic monitoring

cameras. Businesses and governments realized that by integrating existing Web applications,

they can provide value-added services that were previously unavailable. Unfortunately, the

customized interfaces required to access these applications and the lack of semantics in the

data they consume and generate have made the seamless integration of these applications

and quick deployment of value-added services a daunting challenge. To address these prob-

lems, two enabling technologies have arisen to prominence. The first is the initiatives of Web

service announced around the year of 2000 by IBM, HP, Sun and Microsoft. These initia-

tives include IBM’s Web services, HP’s e-speak, Sun’s Open Network Environment (ONE)

and Microsoft’s .NET. As a result of collaborative effort among these major companies and

other institutions, the World Wide Web Consortium (W3C) then published the specification

of Web service [98]. According to this specification, a Web service is a Web application whose

functionalities can be programmatically accessed via a set of homogeneous XML interfaces.

The standard Web service architecture as shown in Figure 1.1 allows such an application
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to be first described by one organization (i.e., service provider) and published to a service

registry, and then discovered and invoked later by other applications (i.e., service consumers),

essentially making these applications interoperable on the Web at the application interface

level. ���������	
������
�������
������� ���������� �������	�������� �������

��������� ������� !"#$%&'()**+,-.%&/01/%234
5667 89:;<=>?@ABCD@

E9F G9>H ;I9 ������� ��������E9F J>KL<9> G9>H;I9 G9>H ;I9M�N��O�N
Figure 1.1: Standard Web Service Architecture

The second enabling technology is the use of ontologies in describing the content these appli-

cations process [52]. Ontologies can be traced back to the AI community, where they were

proposed to facilitate knowledge sharing and reuse. They have become popular in many

other fields as they are increasingly seen as key to enabling semantics-driven data access and

processing. An ontology allows the specification of a shared conceptualization in an explicit,

machine-readable format, resulting in a standard way of interpretation. Ontologies make it

possible to build a controlled vocabulary of concepts that can be used by the applications

to unambiguously describe the content they generate and interpret the content they con-

sume. The reliance on ontologies results in the loosening of the tight semantic coupling that

would otherwise be required between a service providing application and service consuming

application. This recent trend of empowering Web services with semantics using ontologies

has consequently brought about the next generation of Web services called Semantic Web

services. The Semantic Web service deployment of independently developed applications

allows these applications to interoperate on the Web at both the application interface and

information semantics levels, making the integration of these applications for value-added

services a much easier and more inexpensive task, as compared to earlier approaches that

relied on technologies such as EDI, CORBA and EJB.

The advent of Semantic Web services prompted W3C to revise its standard Web service
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architecture [20], which is illustrated in Figure 1.2. According to this architecture, the dis-

covery service first obtains (e.g., via search engine or publication from service provider) both

the Web Service Description (WSD) in WSDL [13] and an associated Functional Description

(FD) of the provider service (step 1a). The functional description describes the functionality

of the provider service and is machine-processable (i.e., in formats such as RDF [8], DAML-

S, OWL-S [99] or WSMO [11]). The requester then supplies criteria to the discovery service

to select a WSD based on its associated FD (steps 1b and 1c). Step 2 ensures that both the

requester and the provider agree on the semantics of the desired interaction through the use

of ontologies. The remaining steps are essentially the same as before.

PQRSQTUQV WXQYU ZV[\]̂ QV WXQYU
_`abcdefgh hi ij klmnopqm

r rs]Tt[\QVu vQV\]tQ wbwf x_y zy hPQRSQTUQV {YU]Uu ZV[\]̂ QV {YU]Uux_y

x_yx_y
_`abcdefg

_`abcdefg
|} ~�������

Figure 1.2: Semantic Web Service Architecture

The ease of application integration enabled by the use of Web services and ontologies con-

tributed to the increasing popularity of Web service composition, which has attracted gov-

ernments and businesses as it is identified as a new way of facilitating business-to-business

(B2B) and inter-government agency collaborations. Web service composition aims at pro-

viding value-added services through composing existing services. Instead of starting from

scratch by manually developing a new system every time, applications take advantage of

existing services on the Web by assembling them in a way that meets specific service re-

quirements. This new practice would enable both governments and businesses to reduce

overhead and deploy their solutions more quickly. To help standardize service composition,

two different types of approaches were independently developed. On the one hand, the busi-
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ness world targeted the earlier Web service paradigm and developed a number of XML-based

standards (e.g. WSFL [15, 66], WSCI [97], XLANG [93] and BPEL4WS [43]) that largely

focused on formalizing Web service specifications, flow composition and execution based on

their syntactical characteristics [91]. On the other hand, the Semantic Web research com-

munity focused more recently on using the concept of Semantic Web services and developed

complementary standards such as DAML-S, OWL-S [99], WSDL-S [16] and WSMO [11].

While the two types of standards complement each other, they have both taken a top down

approach. The top down approach requires a user to provide a goal containing specific search

criteria defining the exact service functionality the user expects. An example of such a goal

may be to compose a travel service that supports flight booking, car rental and hotel reser-

vation, as illustrated at the top left of Figure 1.3. The corresponding search criteria may

state that the travel service shall respond to a runtime search request for a place and a

time duration with a list of options containing descriptions of price, luxury, convenience and

flexibility for each. Given such a goal, a service composition tool may search for existing

component services that individually support some of these three functional areas and try

to match them for the same geographic locations.

Often the more specific the query and search criteria are, the smaller the search space and

more relevant the composition results will be. Vague criteria, on the other hand, not only

increase the scope of the search space, which can result in longer search time, but also make

the relevance of composition results difficult to determine. The specificity of the search

criteria would thus reflect the interest and often knowledge of the service composer about

the potential composability of existing Web services. Since the composer is typically only

aware of and consequently interested in some specific types of compositions, the scope of

such a search is usually very narrow. As a result, an attempt to start the search with a set

of specific search criteria (e.g., compose Urdu/Chinese translation service in request 2) that

are not framed to coincide with the availability of interested Web services will most likely

end up empty-handed. Thus, the top down approach can work well only if the composite

Web service designer clearly knows what to look for and the component Web services needed

to compose such services are available. Aiming at exploring the full potential of the service

space without prior knowledge of what exactly are in it, another view that approaches service

composition from bottom up is building up recently. Instead of starting the search with a

specific goal, a service engineer may be interested in discovering any interesting and useful

service compositions that may come up in the search process. For performance reasons, a

general goal may be provided at the beginning to scope down the initial search space to

a reasonable size. For illustration purposes, we show at the bottom of Figure 1.3 that a

service engineer sets out to find any interesting and useful services with a general interest in
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Figure 1.3: Top down Composition vs. Bottom up Mining

Chinese medicine in mind. What comes out of the search process might be quite surprising.

For example, in addition to discovering the possibility of composing a service for translating

Tsalagi 1 to Chinese, the engineer also discovers, with the help of a service mining tool, a

service composition that takes as input a biological sample from a subject, determines the

corresponding genome and the possible diseases the subject is predisposed to, and finally

generates a list of treatment recommendations and/or life style suggestions. Thus, unlike

the search process in the top down approach that is strictly driven by the search criteria,

the search process in the bottom up approach is serendipitous in nature, i.e., it has the

potential of finding interesting and useful service compositions that are unexpected. In this

PhD research, we propose to use Web service mining, a bottom-up Web service composition

approach, to address the need for early exposure of opportunities for composing interesting

and useful services in the absence of specific user goals.

1A language spoken by the Cherokee Indian tribe.
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1.1 Web Service Mining: Motivation

As the Web is poised to transition from a Web of data to a Semantic Web of both data and

services, where Web services would be the first-class objects, there will be increasing oppor-

tunities to compose potentially interesting and useful Web services from existing services.

Since the collective opportunities of composing services will surpass anyone’s imagination,

many of these opportunities will be hidden in the Web of available services and unexpected

to most people. While we may not sometimes have the specific queries needed to search

for them, being able to discover these opportunities early in today’s business environment

equates to gaining competitive business advantages. For government agencies, doing so also

means that citizens receive useful and potentially life-enhancing services in advance. It is

thus essential to be able to proactively attempt to discover useful composite services even

when the goals are unspecified at the moment, or simply hard to imagine or unknown. Much

like the easy access to a glut of data that has provided a fertile ground for data mining re-

search, we expect that the increase in Web services’ availability will also spur both the need

and opportunities to break new ground on Web service mining. We believe that Web service

mining would be key to help realize the full potential of the Semantic Web services by lever-

aging the large investments in applications that have so far operated as non-interoperable

silos.

1.2 Web Service Mining: Definition

We define Web service mining as a search process aiming at the discovery of interesting and

useful compositions of existing Web services. It complements the top down Web service

composition approaches in cases where the goals are unavailable or unknown. Web service

mining does not assume a priori knowledge about Web services’ composability. Instead

of using a query to search for a specific type of composition in a top down fashion, Web

service mining needs to relies on component Web services themselves to cluster up in a

bottom up and exploratory fashion. The end results may be simple service compositions

or complex service composition networks that are both interesting and useful. We formally

define interesting and useful composition of Web services below:

Given a set of Web services S, a set of composability rules R, interestingness measures I,

an interesting composite Web service is a service composed using a subset of rules in R of a

subset of Web services in S, that exhibits high values for a user selected subset of interesting-

ness measures I. A useful composite Web service is established similarly but exhibits high
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values for a user selected subset of usefulness measures U . An interesting and useful service

composition network is a subgraph in a service composition network consisting of interesting

and useful service compositions, among others, that also asserts a user hypothesis with a

certainty exceeding a threshold t.

1.3 Research Statement

The growing popularity of the Web and Web services has presented a brand new research

topic, namely Web service mining, which carries significant importance, as we have identi-

fied. An effective mining framework would allow potentially interesting and useful compos-

able Web services to be discovered based on their availability, rather than solely on human

intuition or knowledge about their composability. Different from traditional composition

approaches, which use user specified goals containing specific criteria to drive the search for

matching component Web services in a top down fashion, the lack of specific goals in Web

service mining leads to a much broader scope that covers a large space of service composition

potentials. The exploration of these potentials would lend Web service mining naturally to

being carried out using the bottom-up strategy. Consequently we are faced with the following

two challenges:

Combinatorial explosion. The first challenge is how to discover composable Web ser-

vices without specific search criteria in mind. A naive approach would be to conduct an

exhaustive search and full-blown composability analysis between any two Web services in

the service registry; and once a potentially positive composition from two component services

is identified, expand the analysis to allow for more component services in the composition.

As the number of registered Web services increases at an accelerating rate, such an ap-

proach can quickly become infeasible due to the overwhelming computation resulted from a

“combinatorial explosion.”

Evaluation of composition interestingness and usefulness. The second challenge is

how to determine the interestingness and usefulness of a composed service identified through

mining. In the top down approaches, the determination of interestingness and usefulness

is not a major concern, since the goal provided by the user already implies what type

of compositions the user anticipates. In Web service mining, neither interestingness nor

usefulness would be so obvious when the composed Web services are discovered without any

specific goals. Useful composed services may be contaminated with frivolous or trivial ones

that add little or no value. In addition, many of those useful services may have already been

known. It will thus be necessary to distinguish interesting and useful composed services from
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those that are either trivial, already known or useless.

As we look for efficient techniques to address the first challenge of combinatorial explosion,

similarities between Web services and molecules offer some interesting insights. Web services

can be thought of in many ways as similar to molecules in the natural world. Like a molecule,

a Web service has both attributes and dynamic behaviors. Like a molecule formed from

constituent atoms and/or simpler molecules, a composite service is composed of component

services. Under the right conditions, certain molecules can recognize each other and form

bonds in between. The concept of recognition can be easily extended to the Web service

world to help devise mining techniques on Web services. While the outcomes of our research

are generic enough to be applicable to a wide range of applications, the similarity between

molecules and Web services motivated us to apply our mining framework back to the field of

bioinformatics. As a result, the discovery of biological pathways came across naturally as the

main application of our mining framework. This essentially makes our research a subfield of

natural computing [61], which “investigates models and computational techniques inspired

by nature and, dually, attempts to understand the world around us in terms of information

processing.”

In anticipation of the need and opportunities to mine Web services, our research focuses on

developing a framework that would facilitate the related mining activities and address the

challenges of both combinatorial explosion and the determination of Web service interest-

ingness and usefulness. Our objectives include:

• Identify the type of activities involved in the mining process,

• Develop a mining framework containing effective strategies to streamline and efficient

algorithms to automate much of these activities,

• Develop measures that can be used to objectively evaluate the interestingness and

usefulness of the mining results,

• Provide support to user for hypothesis formulation

• Determine strategies for subjectively evaluating the usefulness of the mining results,

and

• Demonstrate the effectiveness of the framework through a motivating use case of bio-

logical pathway discovery.
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1.4 Major Contributions

We began our research by studying existing Web service composition methodologies. We

then identified and addressed the need for a new research area not currently covered by

these methodologies, i.e., mining Web services on the Semantic Web. In looking for efficient

techniques to carry out the mining activities, we studied how molecular interaction and

composition take place in nature and drew analogies between molecules and Web services.

These analogies led us to the exploration of drug discovery methodologies, which helped

us shape our service mining framework. This framework is essentially based on a bottom

up approach to identify and verify composable Web services. Unlike traditional service

composition approaches, it does not assume any a priori knowledge about the composability

of these services. The similarity between molecules and Web services also motivated us to

apply our mining framework back to the field of bioinformatics. In particular, we examined

problems faced by existing biological pathway discovery approaches. We proposed to address

these problems by first modeling biological processes as Web services and then applying our

service mining framework for the discovery of pathways linking these services. We list below

our major contribution from this research:

A Web service ontology: We established a Web service ontology consisting of a set of

constructs used to organize Web services. In particular, as an extension to existing service

categorizing approaches (i.e., OWL-S and WSMO), we propose to describe shared capabilities

of Web services in this ontology through the construct of operation interface. This construct

allows Web services to declare their role as either a provider or consumer of an operation

interface, paving the way for them to plug into one another at the operation level.

A molecular analogy: We explored the similarities between Web services and molecules

in the chemical world for the purposes of designing an efficient framework for Web service

mining. We derived a set of concepts such as service and operation recognition, which led to

the establishment of several efficient mining algorithms.

Web service mining framework: We proposed a Web service mining framework that

is inspired by the drug discovery process. We used an ontology-based publish/subscribe

mechanism to convert the traditional top down combinatorial search problem into a pro-

cess of bottom up service and operation recognition. The framework uses specific semantic

constraints to verify the composability of identified composed Web services.

Interestingness and usefulness evaluation: We developed a set of measures that can

be used to objectively determine the interestingness and usefulness of service compositions

discovered via service mining.
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Web service modeling of biological processes: We proposed to model biological enti-

ties and processes as Web services. Two modeling approaches currently dominate the way

biological entities and processes are represented. The first approach describes biological enti-

ties and processes using free text description and annotations. It inherently lacks the ability

to support simulation. The second approach relies on isolated computer models to represent

biological processes. As a result, they lack the ability of being discovered and invoked in the

global Web environment. Our modeling strategy bridges the gap of these two approaches

and made it possible for these processes to be discovered as well as invoked on the Web.

Discovery and simulation of biological pathways: We applied our service mining

framework to service oriented models of biological processes and demonstrated its effective-

ness in the automatic discovery of pathways linking these processes. We developed a set

of graph related algorithms identifying interesting pathway segments and helping user with

hypothesis formulation that would lead to the identification of useful pathways. We also

demonstrated the feasibility of simulating these pathways through invoking service oriented

biological models directly on the Web.

1.5 Dissertation Organization

The rest of the document is organized as follows: In Chapter 2, we describe how we categorize

Web services using an ontological perspective. We use such categorization as the basis

when we later describe in Chapter 3 service and operation recognition, a concept that was

derived from a molecular analogy. This analogy led us to look into drug discovery process

for efficient strategies when developing our service mining framework, which we present in

Chapter 4. In Chapters 4.1 to 4.3, we describe in detail different phases of our service mining

framework including algorithms used to automate mining activities during these phases. In

Chapter 5, we establish the context of our application and describe the state-of-the-art in

computer based pathway discovery. We then introduce our approach as an advancement

to existing approaches. We describe in detail how biological entities and processes can be

modeled using WSDL and semantically exposed via WSML [10] via adapters. We show

how these services can be deployed into the supporting runtime infrastructure. We then

apply our service mining framework to pathway discovery and demonstrate the effectiveness

of our framework. In Chapter 6, we describe related research fields including Web service

composition, data mining and log-based interaction and process mining. In addition, we

point out main difference between our research topic and these fields. In Chapter 7, we

provide concluding remarks and point out directions for future research.



Chapter 2

An Ontological Perspective of Web

Services

Web service mining requires Web services, the subject of mining, to be clearly defined so

that mining techniques can be used to unambiguously target them. A Web service ontology

provides an effective means for describing various Web service related concepts and their

relationships. We represent the Web service ontology using a UML diagram in Figure 2.1.

In the following, we define key concepts depicted in the diagram.

Message. Web services communicate with each other through the exchange of XML mes-

sages. A message consists of one or more parameters. A parameter has a value of a certain

data type. There are two types of messages: Messagein and Messageout. Messagein is

used to send parameters to a service operation, Messageout is used to return results from a

service operation. ♦

Condition. A condition can be either a pre-condition or a post-condition. A pre-condition

specifies the necessary condition for an operation to be activated. This may be expected

values in Messagein or relationships between these values. A post-condition describes the

state of the information space after the execution of a service operation. This may be related

to parameters in Messageout. ♦

An example of a pre-condition would be that the quantity or kinetic energy of an input

parameter to a biological process has to exceed a certain threshold. An example of a post-

condition may be the dissipation condition that must be associated with an output parameter

generated by a biological process.

Domain. Web service operations are categorized by domains of interest. A domain contains
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Figure 2.1: Web Service Ontology

a description that describes the purpose of the domain and summarizes its functionalities.

♦

Examples of domains include travel, home entertainment, attorney services, credit check,

healthcare, drug design, etc.

Locale of Interest. Locale of interest L = {l}, where each l represents a semantic restric-

tion containing attributes that describe the applicability of an operation interface. L can be

used to limit the scope of mining. ♦

An example of semantic restriction would be a regional or geographical boundary. Web

service operations are sometimes applicable only to certain regions. For example, a reserve-

Car() operation of a car rental service may require the car to be used in the continental US.

L is used to specify such restrictions. In the context of drug and pathway discovery, a l may

specify the locality of a certain receptor.

Quality of Web Service (QoWS). QoWS Q = {q} is used to evaluate an operation

provided by a Web service, where q is a quality attribute of concern. ♦
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There are many quality attributes important to Web service operations. Table 2 organizes

them into three categories: runtime, business, and security [71].

Attribute

Group

Attribute Definition

Run-time Response Time Time between an invocation request is sent and processing results are

returned

Reliability Nsuccess(op)/Ninvoked(op) where Nsuccess is the number of times that

op has been successfully executed and Ninvoked is the total number of

invocations

Availability UpTime(op)/TotalTime where UpTime is the time op was accessible

during the total measurement time TotalTime

Business Cost Dollar amount to execute the operation

Reputation
∑

n

u=1
Rankingu(op)/n, 1 ≤ Reputation ≤ 10 where Rankingu is the

ranking by user u and n is the number of times op has been ranked

Regulatory Compliance with government regulations, 1 ≤ Regulatory ≤ 10

Security Encryption A boolean equal to true iff messages are encrypted

Authentication A boolean equal to true iff consumers are authenticated

Non-repudiation A boolean equal to true iff participants cannot deny requesting or de-

livering the service

Confidentiality List of parameters that are not divulged to external parties

Table 2.1: QoWS Attributes

Operation Interface. Operation interface OperationInterface specifies a particular Web

service capability through its name, purpose, domain of interest, locale of interest, quality

attributes of concern, condition, signature and binding. Web services that implement the

capability need to comply with what the interface has specified. The signature includes zero

or one Messagein and zero or one Messageout. ♦

The permutation of Messagein and Messageout determines the mode of the operation inter-

face. There are four operation modes:

1. one-way - operation interface contains only Messagein

2. notification - operation interface contains only Messageout

3. request-response - operation receives Messagein and then generates Messageout

4. solicit-response - operation generates Messageout and then receives Messagein
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Operation. An operation embodies a specific implementation of an OperationInterface by

a Web service. An operation can also make known of its need to invoke operations that

implement an OperationInterface. In addition, an operation exhibits values for the quality

attributes specified by the OperationInterface. ♦

The separation of operation from OperationInterface allows the same OperationInterface

representing a shared capability to be implemented by multiple Web service operations.

Web Service. A Web service is defined by a tuple (Name, Description, Operations, other

NFPs), where:

• Name is the name of the Web service;

• Description is a text summary about the service capabilities;

• Operations are a set of capabilities provided by the Web service; and

• Other NFP stands for any non functional property that help describe the Web service.

In addition, it specifies values for relevant locale of interest attributes. ♦

In a Web service modeling a biological process, an example of a non functional property may

be the declaration of the type of an entity that can provide the corresponding service or the

description of the source information that the Web service model originates from.

The majority of constructs captured in Figure 2.1 are also included in OWL-S and WSMO. A

major difference between ours and these standards is our proposed use of OperationInterface,

which allows Web services to plug into one another declaratively at the operation level.

Since domain is a grouping of functionalities, it is essentially a collection of corresponding

OperationInterfaces.



Chapter 3

Hints from A Molecular Analogy

The first challenge faced in Web service mining is the problem of combinatorial explosion,

which seems inevitable without specific queries to aid in the search process. Nature, however,

has already provided us with ample examples on how it solves the problem of composition

from bottom up. Molecular composition is in many ways similar to Web service composition.

Like a composite service composed of component services, a molecule is formed from con-

stituent atoms and/or simpler molecules. Certain molecules in the natural world are formed,

because the reaction among constituent components under the surrounding condition hap-

pens to be more favorable for them to arise. The establishment of an analogy between the

chemical world and the Web service world can yield important clues for efficient mining

strategies.

In this chapter, we start with a simple analogy between the water molecule and a travel

service in Section 3.1 and. We extend this analogy to a more complex situation in Section

3.2. In Section 3.3, we derive, from the phenomenon of molecular recognition, the concept

of service/operation recognition, which later forms the foundation of our service screening

algorithms. In Sections 3.4 and 3.5, we explore similarities of usefulness, side effects and

effects of external conditions in both the chemical and Web service worlds. We explore

further in Section 3.7 the similarity with respect to a process perspective between the two

worlds. The identification of these similarities helps us establish a more holistic view when

we later investigate and evaluate the various aspects of a service composition and service

network identified out of our mining process. In Section 3.8, we look for strategies used in

the drug discovery process that are applicable to Web service mining. Inspired by many of

the similarities between the molecular and service worlds, we decided to apply our service

mining framework back to the field of bioinformatics and, more specifically, the discovery of
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pathways linking biological processes. We describe a use case in Section 3.9 on how various

biological processes can be modeled as Web services to pave the way for such application.

3.1 A Simple Analogy

Web services share similarities in many ways with atoms and molecules in the natural world.

At the most basic level, Web services are analogous to atoms, as illustrated in Figures 3.1(a)

and (b). In the chemical world, oxygen and hydrogen atoms (Figure 3.1(a)) are two of the

most basic building blocks in nature. An oxygen atom has six electrons in its outer shell and

needs two more electrons to fill the shell. Meanwhile, a hydrogen atom has one electron in its

outer shell. This electron can be shared with many other atoms including the oxygen atom.

Under the right condition, the supply-demand relationship between the two types of atoms

drives them to form bonds and, ultimately, a water molecule. Each of the two hydrogen

atoms binds with the oxygen atom by sharing its sole electron with the oxygen. In return,

the oxygen atom shares one of its six electrons with each of the two hydrogen atoms. This

form of bonding between oxygen and hydrogen is called covalent bonding and is what holds

a water molecule together.
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Figure 3.1: Molecules vs. Web Services

Similar supply-demand relationship is also what drives Web services together. Like a

molecule that is composed of atoms or simpler molecules, a composite Web service is com-

posed of simpler component Web services. Figure 3.1(b) shows a Web service example

containing a travel service, a car rental service and a hotel service. The travel service needs

to know, for example, whether a rental car is available within a given time period in a certain

location. In addition, it also needs to know whether there is a room vacancy at the same

proximity. These inquiries can be fulfilled by invoking operations provided by both the car

rental and hotel services. Operation invocations are realized through the exchange of XML
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messages. Similar to electrons in the natural world, these messages bind component Web

services into composite services. If we imagine each message as an electron, then this type

of message exchange can help establish bonds between Web services. Here, we use bond as

a notional concept to indicate the composability between two Web services.

3.2 A More Complex Analogy
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Figure 3.2: A More Complex Analogy

Similarity between the chemical and Web service worlds continues at a more complex level.

For example, glucose (Figure 3.2(a1)) is a common sugar molecule present in many fruits

and animal blood [84]. Its molecule structure contains a ring with five OH (called hydroxyl)

groups. The oxygen atoms in the ring and the five hydroxyl groups are negatively charged.
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In the meantime, each of the two hydrogen atoms in every water molecule is positively

charged. When these oppositely charged atoms are put together, they establish a new type

of supply-demand relationship called electrostatic attraction. As a result of the electrostatic

attraction, several hydrogen bonds (dashed lines in Figure 3.2(a2)) are formed between the

glucose molecule and water molecules. This mechanism allows glucose to dissolve easily in

water. The composition of glucose and water results in some new properties. For example,

the boiling temperature is raised while the freezing temperature is lowered. The lowering

of the freezing temperature allows sugar to be used as an ice melter in the winter.1 More

importantly, the composition resulting from glucose or other vital nutrients dissolving in

water allows such nutrients to be transferred through water to various parts of our body.

Likewise, the supply-demand relationship among Web services allows them to be composed

at a more complex level. Figure 3.2(b1) shows that a conference Web service (CWS) needs

to reserve conference rooms and help participants reserve hotel rooms and cars. In the

meantime, the hotel and travel services established earlier can provide constituent services

through their corresponding operations. As a result, XML messages are exchanged between

the CWS and both the hotel and travel services (Figure 3.2(b2)), establishing bonds between

the CWS and the other two services. Similar to chemical composition that leads to new

properties, Web service composition leads to new functionalities. For example, the composite

CWS is now capable of streamlining the following:

1. Collect conference reservations from participants;

2. Provide one-stop point for arranging ground transportation and lodging at a discount

rate; and

3. Help synchronize participants’ activities with the conference schedule.

The value added by the CWS is something that neither the travel nor the hotel service is

able to provide alone.

3.3 Molecular and Operational Recognition

The bond establishment in neither world is arbitrary. Similar to the case where a chemical

bond cannot be formed between two positively charged atoms, syntactically and/or seman-

tically incompatible service operations cannot exchange messages. The analogy between the

1However, salt is more commonly used since it lowers the water’s freezing temperature more effectively

and is relatively more available and inexpensive.
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two worlds can be further explored in more complicated situations. In the natural chemi-

cal world, a phenomenon called molecular recognition has been discovered [25]. Molecular

recognition happens when two molecules recognize each other and interact to form bonds in

between. Molecular recognition mechanism is preprogrammed and enabled in DNA molecules

in living organisms. It explains why a molecule (e.g. a protein molecule or receptor) is ca-

pable of recognizing and interacting with another molecule (e.g. a drug molecule or ligand),

thus plays a crucial role in pharmaceutical drug discovery. For molecular recognition to

happen, the following criteria must be met [74, 25]:

• steric complementarity, which requires that molecules of interest have compatible size

and juxtaposed shape. This is like being able to insert a key into a lock, where the key

is the ligand and the lock is the receptor. To be able to open the lock, we also need

the following criteria,

• electrostatic complementarity. This requires that molecules of interest contain correctly

placed and complementarily charged atoms.

In the pharmaceutical industry, molecular recognition is more specifically termed pharma-

cophore. Pharmacophore allows ligands to bind, interact, and modulate the activity of ab-

normal biological receptors that are the cause of undesirable medical conditions. To achieve

pharmacophore, the following interaction is also needed:

• hydrophobic interaction, which takes place between ligands and receptors in our body,

containing largely of water. The hydrophobic portions of the ligand are attracted to

the hydrophobic pockets contained in the receptor. The arrangement of hydrophobic

surfaces of the receptor allows it to limit the binding of inappropriate targets.

Similarly, Web services and their operations can recognize each other through both syntax

and semantics. We introduce four types of recognition between Web services and operations,

as shown in Figure 3.3.

Promotion. When operation op1 of service sa produces an entity (i.e., output parameter)

that in turn provides service sb, we say that sa : op1 promotes sb, as shown in Figure 3.3 (a).

♦

Inhibition. when operation op1 of service sa consumes an entity (i.e., input parameter)

that in turn provides service sb, we say that sa : op1 inhibits sb as shown in Figure 3.3 (b).

♦
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Direct Recognition. A direct recognition is established between operations opa and opb, if

opa consumes an operation interface opintf , which is implemented by opb, as shown in Figure

3.3 (c). In addition, opa and opb must be mode, binding and message composable [72]. ♦
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Figure 3.3: Recognitions between Web Services and Operations

Mode composability states that the following pairs are composable: notification with one-way

and solicit-response with request-response. Binding composability states that both operations

should share the same protocol. Mode and binding composabilities are like being able to

insert a key to a lock and are analogous to steric complementarity. Message composability

states that the number of parameters and type of each parameter should match between the

two operations. Message composability is like being able to open the lock with the correct

key and is analogous to electrostatic complementarity and hydrophobic interaction.

Indirect Recognition. A target operation opt indirectly recognizes a source operation ops,

if ops generates some or all input parameters of opt, as shown in Figure 3.3 (d). ♦

We use the term indirect to indicate the fact that there is a potential need to relay parts of

the output message from ops to parts of the input message to opt at the composition level.
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Operation Bond. A bond is established between ops and opt for each input parameter opt

can receive from ops. We denote the set of bonds between ops and opt as B(ops → opt). If

we refer to the set of all operations that opt recognizes as OPs(→ opt), then

OPs(→ opt) = {op | B(op→ opt) 6= φ} (3.1)

ops is said to be completely bound if it receives all its parameters from its bonds with other

operation implementations. Otherwise, it is either unbound if none of its input parameters

is received, or partially bound if only some of its parameters are received. ♦

Figure 3.4 shows that with indirect recognition, both operations can be of type request-

response since the composed service can interact with both component services involved

in the composition and relay parts of Messageout from one component service to parts

of Messagein to the other. In some cases, a generated parameter might be synonymous

to an input parameter. This happens when the two ontology nodes referred to by the

generated parameter and the input parameter are synonymous. In such a case, a parameter

conversion may be needed. In addition to relaying the message parameters, the composed

service may need to coordinate or choreograph the invocation of component services to ensure

the semantic and temporal correlations of these parameters. Indirect recognition between

operations is analogous to electrostatic complementarity.

Table 3.1 shows how the aggregate QoWS can be computed for multiple operations involved

in the bonding of an operation. These are used later when determining which combination

of operations exhibits the highest QoWS.

QoWS attribute Aggregation function

Response time MaxN
i=1t(opi),

∑N
i=1 t(opi)

Availability
∏N

i=1 av(opi)

Reliability
∏N

i=1 rel(opi)

Cost
∑N

i=1 cost(opi)

Reputation 1
N

∑N
i=1 rep(opi)

Regulatory 1
N

∑N
i=1 reg(opi)

Encryption
∏N

i=1 enc(opi)

Authentication
∏N

i=1 aut(opi)

Non-repudiation
∏N

i=1 nrep(opi)

Confidentiality
∏N

i=1 con(opi)

Table 3.1: Aggregate QoWS



G. Zheng Chapter 3. Hints from Molecular Analogies 22

������ �������� � �� �
�������� � ���
��� ��� �� � ���

�� ����������� ������������ ���
��� ����� � �� ������

������
��������¡¢£¤£¥¦§¦¤̈©ª

«¦¤¬­©ª ®̄°±²³́³²µ¶̄·̧
¹

Figure 3.4: Indirect Recognition

3.4 Usefulness and Side Effects

Usefulness indicates how useful a chemical compound or a service composition is. It is what

drives our desire to seek for compositions. The meaning of usefulness is sometimes relative

and subjective. A chemical compound may be useful in one situation (e.g., water for drinking)

but harmful in some other situations (e.g., water in a flood). Similarly, a broadcast service

composed of registration service and email service may be considered useful to people who

want to market their product, but annoying to those who don’t want to receive spam emails.

Usefulness often comes with side effects as a by-product. For example, the drug discovery

process involves finding lead compounds that may be only marginally useful (i.e., have some

activity against a disease) and may have severe side effects. These side effects are caused

by the compounds’ ability to bind with body protein or nucleotide at unwanted points.

Similarly, Web services composition may also introduce unwanted side effects. Composing

e-commerce type of Web services may help streamline activities that would previously need

to be carried out manually, it may also inadvertently compromise consumer’s privacy if com-

ponent Web services impose different standards for protecting consumers’ identities. While

being able to provide travel services, its trustworthiness as a whole may become question-

able. A composition of biological Web services involving the service of a drug candidate
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may indicate a cure or a treatment for a certain disease or undesired condition, it may also

introduce some unwanted side effects that potentially out-weight the benefits it brings.

3.5 Effects of External Conditions

External conditions such as light, temperature and pressure play an essential role in the

physical states of materials and their chemical reactions. For water, temperature and pres-

sure determine what physical state (i.e., vapor, liquid or ice) it will be in. For photosynthesis,

light provides a necessary condition for chlorophyll in plant cells to convert water and carbon

dioxide into sugar and oxygen.
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Figure 3.5: Effects of External Conditions

External conditions also play an important role in Web service formation. External condi-

tions may include consumer demand, environment changes, technology advances, resource

changes, and government regulations, etc., as illustrated in Figure 3.5. Consumer demand

for certain Web services can fluctuate or shift. This may be due to the QoWS of existing

services, availability of new services, and seasonal and environmental changes. QoWS of

existing services has a positive effect on consumer demand, i.e., the better the QoWS, the

higher the demand, though this relationship may saturate at some point. Availability of new

services could have a negative effect on consumer demand for the existing services, i.e., the

more choices people have, the less likely they are to opt to continue using the same service.

Seasonal changes have a periodic effect on consumer demand. For example, every year more

people choose to travel in the summer than winter. In return, consumer demand may have a

negative effect on QoWS, i.e., the more demand a Web service receives from its consumers,
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the more likely the QoWS tends to degrade. For example, the price for summer flights tends

to go up due to the scarcity of availability. Environmental changes may include natural

disasters such as storms, flood and earthquakes, etc., all of which may result in temporary

or long term regional shutdown of certain services such as airlines and railways. Technology

advances tend to help improve QoWS and enhance people’s experience with Web services.

Resource changes include changes in labor supply, gasoline supply, etc. Labor disputes and

global oil crisis can both have negative impact on service availability and cost. Government

regulations may, for example, restrict pollution to a certain level. This may increase the op-

erating cost of certain services. Shortly put, QoWS interplays with external conditions and

can be affected by these conditions. As a result, QoWS is a function of external conditions.

3.6 A Eukaryotic Cell åæ çèéæêëìæ íîïðæñ é òæìóéñçæôçõë öðñêì÷ï øæè÷ïîðîìø÷óëêëìæê
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Figure 3.6: Cell Structure and Organelles (adapted from cellsalive.com)

In this section, we take a brief look at a eukaryotic cell, the basic building block of living

organisms such as animals, plants and fungi, which have multiple cells 2. We will refer to

terminologies introduced in this example throughout the rest of the dissertation. As shown

in Fig. 3.6, the structure of a eukaryotic cell has a nucleus that hosts the DNA containing

2The other type of living organisms such as bacteria are referred to as prokaryotic. They contain a single

cell that does not have a nucleus.
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information used to generate messenger RNA (mRNA). The nucleus also hosts the nucleo-

lus, which produces ribosomes. Outside of the nucleus is an area collectively referred to as

cytoplasm containing mostly cytosol and the rest of the cell organelles such as endoplasmic

reticulum and mitochondria. The cytosol is the “soup” full of proteins responsible for con-

trolling cell metabolism. The ribosomes produced by the nucleolus move out of the nucleus

through pores on the nuclear membrane to positions on the endoplasmic reticulum. They

translate mRNA into proteins. These proteins are then transferred to the Golgi apparatus

in transport vesicles where they are further processed and packaged into peroxisomes, lyso-

somes, or secretory vesicles. Peroxisomes are responsible for protecting the cell from its own

production of toxic hydrogen peroxide. As an example, white blood cells produce hydrogen

peroxide to kill bacteria. The oxidative enzymes in peroxisomes break down the hydrogen

peroxide into water and oxygen. Lysosomes contain hydrolytic enzymes necessary for in-

tracellular digestion. In white blood cells that eat bacteria, lysosome contents are carefully

released into the vacuole around bacteria and serve to kill and digest them. Cell secretions -

e.g. hormones, neurotransmitters - are packaged in secretory vesicles at the Golgi apparatus.

The secretory vesicles are then transported to the cell surface for release. Centresome is the

“microtubule organizing center” within the cell and plays an essential role in cell division.

Cytoskeletons are responsible for maintaining cell shape, locomotion and internal movement

of cell organelles. Mitochondria are where food (sugar) is combined with oxygen to produce

ATP - the primary source of energy needed by the cell to move, divide and produce secretory

products. Finally, the cell membrane enclosing the cell is where the secretory vesicles release

cell secretions. It also contains ion channels responsible for the controlled entry and exit of

ions. The cell beats when these ion channels open and close in an organized manner.

3.7 A Process Perspective

The analogy between the molecular and Web service worlds continues at a more complex

process level as illustrated in Figure 3.7. In the chemical world, the DNA (Figure 3.7 (a1))

inside our cells (shown in Figure 3.6) provides a complete genetic blueprint that carries the

information required to manufacture the enzyme proteins, which in turn are responsible

for orchestrating our body’s chemistry. The progression from DNA to protein involves a

molecular assembly line [25] that follows a remarkable process. First, a gene-bearing portion

of the DNA double helix is unraveled and information contained in one of the two single

strands is transcribed into a messenger RNA (mRNA) through molecular recognition. The

mRNA is then detached from the DNA strand and serves as a template in the protein

building process (Figure 3.7 (a2)). This process involves a transfer RNA (tRNA), which
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Figure 3.7: Molecules and Web Service Dynamics ((a1)/(a2) based on [90] and [25])

collects amino acids required to build the protein and carries them to the mRNA. Proteins

are assembled on the mRNA one amino acid at a time. Links between adjacent amino

acids called peptide bonds are established as the protein chain grows. The tRNA is then

discharged and destroyed after its task is completed. Likewise, Web service composition can

also involve a complex process. Figure 3.7 (b1) shows that a travel process flow template

can be first constructed specifying the logic order of sequential, concurrent (i.e., AND Split

AND-S and AND Join AND-J) and alternative (i.e., OR Split OR-S and OR Join OR-J)

service invocations. Upon receiving a request, a process flow for a composite travel service

is instantiated and grows (Figure 3.7 (b2)) based on this template. Here, the template is

analogous to the blueprint carried by the mRNA and the process flow instance is analogous
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to the protein chain.

The similarities between Web services and molecules offer some interesting insights. They

suggest that like molecules that compose from bottom up as if they are living beings, Web

service can also be treated as living beings that recognize each other under the right con-

ditions. The process analogy indicates that recognition-triggered service composition may

extend to a flow network. Such a flow network can be either designed from top down or

emerged from bottom up. As a result, instead of having to search for interesting and useful

Web service compositions and composition networks exhaustively, there might be an easier

way to just let these compositions and composition networks form “naturally” from bottom

up, similar to what is happening in the natural world.

3.8 Drug Discovery Process

As we look for appropriate Web service mining techniques, the identification of many of the

similarities between Web services and molecules has led us to the relevance of molecular

composition methodologies and techniques resulted from the intense research effort invested

in drug discovery. While many of the techniques are still evolving, the linkage between the

two worlds has opened up new channels towards finding efficient techniques that might be

suited for Web service mining. In this section, we look for suitable strategy from the drug

discovery process. A typical drug discovery process [22] involves seven steps:

1. Disease selection,

2. Target hypothesis,

3. Lead compound identification and screening,

4. Lead optimization,

5. Pre-clinical trial,

6. Clinical trial, and

7. Pharmacogenomic optimization.

There are several interesting observations about the process described above. First, the drug

discovery process has adopted the strategy of screening molecules (step 3) using “coarse-

grained” filtering approach to quickly reduce the search space from the focused library of
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potential ligands to one that contains those most likely to bind to a protein target with high

affinity. It then increases the computation complexity with better accuracy on a reduced

search space for lead optimization (step 4). With a much smaller remaining space, the

discovery process finally conducts more expensive clinical study for drug evaluation. This is

a powerful strategy and can also apply well in the field of Web service mining.

As the number of Web services is expected to increase manifold, Web service mining will

face the same combinational explosion challenge as has drug discovery. A similar Web

service screening approach could take advantage of some “mining context” to scope down

the searching space and identify potentially composable Web services in an early stage. The

identification of the composability can be achieved using a “coarse-grained” ontology-based

filtering mechanism. Automatic verification and objective analysis can be applied next in a

reduced pool of candidate services. A more elaborate runtime verification mechanism can

then be applied towards composed Web service leads in a much smaller search space to

ensure their composability is really valid. Finally, expensive subjective usefulness analysis

involving human in the loop can be conducted in an even smaller search space to distinguish

those that are really useful.

3.9 Web Service Modeling of Biological Processes

The similarity between molecules and Web services motivated us to apply our mining frame-

work back to the field of bioinformatics and, more specifically, the discovery of pathways

linking biological processes. To achieve this, we first model these entities as Web services.

We expect that these models will initially have sketchy details about known attributes and

processes based on lab discoveries. As our knowledge increases and the modeling techniques

continue to mature, the fidelity and completeness of these models can also be increased

accordingly. One of the most challenging issues in modeling biological entities is how to

approximate the richness of their processes and contextual uncertainties (e.g., varying tem-

perature and fluidity of the surrounding environment) in a way that the models themselves

would yield similar responses to the same stimuli or changes in the environment. Instead

of trying to solve the issues of model accuracy and completeness, which by themselves are

active research topics, we focus on how Web services are used to describe aspects of biological

entities that we already know how to model.

For illustration purposes, we use the scenario depicted in Figure 3.8 to show how different

groups of Web service models can be produced and introduced independently to the Web

service registry by different research laboratories and institutions from diverse geographic
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Figure 3.8: Web Service Modeling

regions. The processes of various entities covered in this scenario are based on information

obtained from [7], [23], [54] and [104]. Figure 3.8 shows that Labs A, B, C and D each

carried out experiments focusing on studying the processes of specific set of biological entities.

According to Lab A’s experiment results, proinflammatory cytokines, LPS and growth factors

can all activate IKK-β. Once activated, IKK-β can in turn phosphorylate IκB. Based on

such information, researchers from Lab A created several corresponding Web service models

and published them into the Web service registry. Likewise, researchers from Lab B through

their independent experiment, discovered that Aspirin can bind to IKK-β. This essentially

blocks IKK-β’s normal processes. In addition, Lab B’s results also revealed that IκB can bind

to NF-κB/Rel, essentially blocking NF-κB/Rel’s normal processes, i.e., translocating from

cytoplasm to the nucleus and then stimulating proinflammatory gene transcription in the cell
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nucleus. While the normal processes of IKK-β would appear to be the missing link between

the two findings and researchers from Lab B may be either unaware or unfamiliar with

what exactly such processes might be, they were able to publicize their research observation

nonetheless by creating Web service models for Aspirin, IκB and NF-κB/Rel and publishing

them into the service registry. Similarly, researchers from both Labs C and D also created

their Web service models based on their results and published them into the same service

registry.

In Figure 3.8, processes of biological entities are modeled as operations of corresponding

Web services. In general, an operation may take certain biological entities and an amount

of energy from ATP as inputs. If the inputs and the service providing entity collectively

meet the corresponding pre-conditions, then the processing of the operation becomes active.

An example of a pre-condition would be that the activation of the bind NF-κB/Rel opera-

tion of the IκB Web service requires that IκB itself be nonphosphorylated. The operation

then takes t units of time and ein units of energy to process ui units of each of its inputs

I, where i ∈ I, generate uo units of each of its outputs O, where o ∈ O, and release eout

units of energy. These outputs may be subjected to dissipation at a rate that is a function

of the surrounding environment. At the end of the processing, some post-conditions may

be effected triggering a change in the attributes of those entities that are involved after the

operation finishes its processing [32]. Thus the net accumulation of each of the outputs will

be the accumulation of the output from multiple invocations of the operation less what is

being dissipated. To avoid ambiguities, domain ontology concepts are used to describe the

type of inputs and outputs of these operations. Domain ontologies can capture relationships

(e.g., inheritance and composition) among various concepts. For Web services covered in this

scenario, such concepts include IKK-β, IκB, NF-κB/Rel, COX, prostaglandin (PG), Aspirin,

etc., as shown in the middle of Figure 3.8. Ontologies enable Web services and user appli-

cations to understand each other via communicating using an agreed-upon vocabulary. We

assume that these ontologies are managed by domain experts using tools such as Ontolingua

[46], Protégé [49], or WSMT [12]. In addition, we assume that developers of biological Web

services adhere to such ontologies when defining Web services.



Chapter 4

Web Service Mining Framework

Figure 4.1 shows our Web service mining framework, which can be figuratively described

using the “sow, grow, weed and harvest” analogy.
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Figure 4.1: Service Mining Framework

The framework starts first with scope specification, a manual phase involving a domain expert
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defining the context of mining. We expect the domain expert to have a general idea about

the “seeds” of 1. Web service functional areas (e.g., cell enzyme and drug functions) and

2. locales (e.g., heart, brain, etc. where these functions reside) that he/she is interested in

mining. Such seeds are expected to grow into fruitful compositions (e.g., biological pathways)

as the mining progresses. Within this phase, a hierarchy of domain ontology indices is

established to speed up later phases in the mining process. Weights may be assigned to

these seeds to differentiate user’s interest in them and to help retain compositions grown out

of those that the user is more interested in. Note that rather than specifying the exact goal

of the compositions in pursuit as would a traditional Web service composition approach,

scope specification does not limit what that goal should be. Consequently, any composition

leads emerged within this scope will be pursued further.

Scope specification is followed by several automated phases. The first of these is search

space determination. To help curb the problem of combinatorial explosion when faced with

a large number of Web services, the mining context is used in this phase to identify a fo-

cused library of existing Web services as the initial pool for further mining. The next is the

screening phase, which contains three sub-phases representing a grow-weed-grow cycle. In

the filtering (first growing) sub-phase, Web services in the focused library would go through

filtering algorithms for the purpose of identifying potentially interesting leads of service com-

positions or pathway segments. This is achieved through establishing linkages between Web

services using a “coarse-grained” ontology-based filtering mechanism on only a subset of

matching Web service characteristics (e.g., operation parameters) that can be quickly pro-

cessed. In static verification (weeding) sub-phase, service composition leads identified earlier

are semantically verified based on a subset of operation pre- and post-conditions involv-

ing binary variables (e.g., whether the input to an operation is activated) and enumerated

properties (e.g., the locale of an operation input). In the linking (last growing) sub-phase,

verified service compositions are linked together using link algorithms for establishing more

comprehensive composition networks. These composition networks are input to the evalu-

ation phase (or the harvest phase), which consists of four sub-phases. Objective evaluation

identifies and highlights interesting segments of a composition network by checking whether

such linkages are novel (i.e., previously unknown), and whether they are established in a

surprising way (e.g., if the network links segments not previously known to be related). An

interactive session follows next with the user taking hints from these highlighted interesting

segments within a composition network and picking a handful of nodes representing services,

operations and parameters to pursue further. These nodes are then automatically linked into

a fully connected subgraph, to the extent possible, using a subset of nodes and edges in the

original graph. This subgraph provides the user the basis to formulate hypotheses, which
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can then be tested out via simulation. In the case of pathway discovery, the simulation

attempts to invoke relevant service operations, changing the quantity/attribute value of var-

ious entities involved in the composition network. Results from the simulation sub-phase are

expected to reveal hidden relationships among the corresponding processes. These results

are then presented to the user, whose subjective evaluation finally determines whether the

subgraph, the basis of the user hypotheses, is actually useful. In some cases, the user may

want to revise the simulation setting, re-execute the simulation and evaluate new simulation

results. At the end, the user may want to introduce, in the case of pathway discovery, some

of the discovered pathway subgraphs determined to be useful to a pathway base for future

references. One use of such references may be in the area of building models for biological

entities at a more complex level.

We present details of various phases of the mining process in the following three chapters.

We combine scope specification and search space determination as two distinct steps in pre-

screening planning and describe them in Section 4.1. We describe the details of the screening

phase and the evaluation phase in Sections 4.2 and 4.3, respectively.

4.1 Pre-screening Planning

The mining process does not always have to be undertaken for all components within a

global search space. In the pharmaceutical world, focused libraries have been used for a

given receptor structure to reduce the search space when looking for leads. For Web service,

the search space can be scoped down if we are only interested in finding composed services

within certain functional areas. In addition, the search space can sometimes be scoped down

further by locale of mining interest limiting the applicability of corresponding functions. We

organize our pre-screening planning to contain two phases: Scope Specification and Search

Space Determination.

4.1.1 Scope Specification

The mining process starts with the scope specification phase where a composite Web ser-

vice engineer optionally takes advantage of necessary subjective interestingness measures to

bootstrap the mining process. The engineer may scope the mining activity by defining a

list of functional areas and the locales where these functions reside. For example, the en-

gineer may express a general interest in service compositions that involve travel, healthcare

or insurance within the locale of the continental US. Another example may be to discover
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regulatory biological networks related to the locale of heart. Since different functional areas

are drawn from corresponding domains, which may in turn rely on different ontologies, scope

specification essentially determines a set of ontologies to use for the mining process. When

presented with these ontologies, the engineer may choose to assign interestingness weights to

various ontology nodes that he/she is interested in. As indicated in Figure 2.1, each domain

also specifies what OperationInterfaces it contains. The engineer may optionally choose

to assign interestingness weights to some of the OperationInterfaces that are of particular

interest. The end product of scope specification is the mining context containing a list of rel-

evant domains and locales limiting the applicability of corresponding functions within these

domains. We formally define mining context C in Eq. (4.1).

C = {d(L) | d ∈ D} (4.1)

where

• D is a set of Web service domains,

• L is a set of locale attributes of mining interest,

• d(L) is a domain carved out by L.

Consequently, if we use→ to denote the relationship of refers to, then the set of all ontologies

referred to in C can be denoted as Ont(C) and calculated using:

Ont(C) = {ont | ∃d ∈ C ∧ d→ ont} (4.2)

and the set of all operation interfaces included in C can be denoted as OPintf (C) and calcu-

lated using:

OPintf (C) = {opintf | ∃d ∈ C ∧ opintf ∈ d} (4.3)

We identify two scoping strategies.

• Fixed Scope Mining. The scope of mining identified at the beginning does not change

during the mining process. This is used when the mining context is clearly defined and

the search space can be easily determined.

• Incremental Mining. The initial scope of mining keeps expanding during the mining

process. This is used when the mining context is unclear and cannot be easily specified

at the beginning.
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4.1.2 Search Space Determination

In both chemical and Web service worlds, mining scope determines the coverage of the search

space when looking for composable components for the purpose of composition. Usually

the more specific a scope is, the narrower a search space would be. Similar to the drug

discovery process, the end product of our search space determination phase is a focused

library consisting of Web services from service registry R that are involved in mining context

C. We formally define focused library L in Eq. (4.4).

L = {s | s ∈ R ∧ (s.operations ∩OPintf (C) 6= φ ∨

∃op ∈ s.operations : opconsume(OPintf ) ∩OPintf (C) 6= φ)} (4.4)

where s.operations denotes the set of operations implemented by s and opconsume(OPintf )

denotes the set of operation interfaces that are consumed by op. Thus Eq. (4.4) gives

the focused library as the set of all Web services that either provide implementation(s) for

some interface(s) in OPintf (C) or whose operation(s) consume(s) some implementation(s) of

interface(s) in OPintf (C). The focused library thus covers the search space that is carved

out based on the identified mining context. Algorithm 1 list the corresponding algorithm for

obtaining the focused library.

Algorithm 1 Focused Library Generation
Input: Mining context C = {d(L) | d ∈ D}, Web service registry R.

Output: Focused library F .

Variable: Context operations OP (C).

1: for all d(L) ∈ C do

2: for all op ∈ d(L) do

3: add op to OP (C);

4: end for

5: end for

6: for all s ∈ R do

7: if s.operations∩OPintf (C) 6= φ ∨∃op ∈ s.operations : opconsume(OPintf ) ∩OPintf (C) 6= φ

then

8: add s to F ;

9: end if

10: end for

11: return F ;



G. Zheng Chapter 4. Web Service Mining Framework 36

4.2 Screening

Similar to drug discovery, Web service mining faces the challenge of combinatorial explosion

due to the vast number of Web services that will be available on the Semantic Web. Inspired

by the idea of lead compound screening during drug discovery (Section 3.8), we propose to use

an ontology-based screening mechanism to address the same problem. Our approach uses a

publish/subscribe mechanism to convert the traditional combinatorial screening problem into

a spontaneous service and operation recognition problem. As a result, top down searches are

transformed into bottom up matches. The screening phase in our service mining framework

consists of three distinct sub-phases: filtering, static verification and linking. In this chapter,

we present algorithms used in these three sub-phases.

4.2.1 Filtering

Algorithms used in the filtering sub-phase consist of two steps: operation level filtering and

parameter level filtering.

4.2.1.1 Operation Level Filtering

At the operation level, operation interfaces within the mining context serve as the medium

for Web service operations to plug into each other via direct recognition. We show our

operation level filtering mechanism in Algorithm 2.

Service operations that implement a particular interface publish their implementation

through that interface (lines 6 - 9). Service operations that consume the implementation of

an interface subscribe to that interface (lines 10 - 15). In addition, the service itself would

subscribe to the ontology node that defines the type of its service providing entity. An op-

eration agent is created (lines 1 - 3) for each operation interface to keep track of references

to it from various operations. Algorithms 3 and 4 list our operation agent’s functions for

publication and subscription.

When publishing an operation that implements an interface, function publish(op) of the

corresponding agent checks whether there is any subscriber to the operation. If so, it tries

to establish a service composition lead using direct operation recognition between the pub-

lisher and the subscriber. Similarly, when a service operation subscribes to an operation

interface that it consumes, function subscribe(op) checks whether there is any publisher that

implements the operation. If so, it tries to establish a composed service lead between the
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Algorithm 2 Operation Level Filtering
Input: Context operation interfaces OPintf (C), focused library F .

Output: Leads of composed Web services L.

Variables: Leads from publication and subscription Lps, operation interfaces consumed by

op, opconsume(OPintf ).

1: for all opintf ∈ OPintf (C) do

2: create Agent(opintf );

3: end for

4: for all s ∈ F do

5: for all op ∈ s.operations do

6: if ∃opintf ∈ OPintf (C): op implements opintf then

7: Lps ← Agent(opintf ).publish(op);

8: L.add(Lps);

9: end if

10: for all opintf ∈ opconsume(OPintf ) do

11: if opintf ∈ OPintf (C) then

12: Lps ← Agent(opintf ).subscribe(op);

13: L.add(Lps);

14: end if

15: end for

16: end for

17: k ← type(s.providerEntity);

18: if k ∈ Ont(C) then

19: if ¬∃Agent(k) then

20: create Agent(k);

21: end if

22: Agent(k).subscribe(s);

23: end if

24: end for

subscriber and the publisher.

4.2.1.2 Parameter Level Filtering

Parameter level filtering targets three types of Web service and operation recognition: pro-

motion, inhibition and indirect recognition, as described in Section 3.3. We consider three

types of matching between parameters p1 and p2, whose data types refer to domain ontology

index nodes na and nb, respectively:
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Algorithm 3 Operation Agent Function for Publication
publish(op)

Input: Web service operation op providing implementation for the operation interface that this

agent represents.

Output: Leads of composed Web services Lps.

Variable: A composed service cs.

1: publishers.add(op);

2: if subscribers 6= φ then

3: for all op
′

∈ subscribers do

4: cs← generateLead(op
′

, op);

5: Lps.add(cs);

6: end for

7: end if

8: return Lps;

Algorithm 4 Operation Agent Function for Subscription
subscribe(op)

Input: Web service operation op interested in invoking the operation interface that this agent

represents.

Output: Leads of composed Web services Lps.

Variable: A composed service cs

1: subscribers.add(op);

2: if publishers 6= φ then

3: for all op
′

∈ publishers do

4: cs← generateLead(op, op
′

);

5: Lps.add(cs);

6: end for

7: end if

8: return Lps;

• Exact match or synonym: na = nb. One index node is created for all synonymous

ontology nodes.

• Is-a: na is a child of nb

• Has-a: na has a component nb

We assume that the above relationships among parameter types are already declared in

domain ontologies and consequently domain ontology indices. Therefore, these relationships
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can be automatically detected.ÙÚÛ ÜÚÝÞ ßàÚáÚâßãäÝå
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Figure 4.2: Ontology Extension for Web Service Screening

Figure 4.2 illustrates mechanism used in Web service filtering at the parameter level. Several

Web service models are shown for biological entities including Aspirin, COX1, Peroxidase,

PGI2 and Stomach Cell. The types of these service providing entities can be drawn from

domain ontologies such as those for drug, protein, fatty acids, etc. To speed up the pro-

cessing of type checking, we establish indices to domain ontology concepts as shown in the

shaded box in the middle of the figure. To keep track of operation recognition that occurs

at the parameter level, we extend the capability of a conventional ontology by attaching a

node agent to every ontology index node that has been referenced by at least one operation

parameter or service providing entity, as illustrated in the dashed box on the right of Figure

4.2. To increase the hit rate and reduce computation complexity of our parameter level

filtering algorithm, we ignore operation pre- and post-conditions. We consider these condi-

tions during the static verification sub-phase in Section 4.2.2 and the simulation sub-phase

in Section 5.3.6.9 when the pool of candidate is presumably much smaller.
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Algorithm 5 Parameter Level Filtering
Input: context ontologies Ont(C), focused library F

Variables: ontology type type(p) parameter p refers to.

1: for all s ∈ F do

2: for all op ∈ s.operations do

3: for all pout ∈ op.messageout do

4: k ← type(pout);

5: if k ∈ Ont(C) then

6: if ¬∃Agent(k) then

7: create Agent(k);

8: end if

9: Agent(k).publish(pout);

10: end if

11: end for

12: for all pin ∈ op.messagein do

13: k ← type(pin);

14: if k ∈ Ont(C) then

15: if ¬∃Agent(k) then

16: create Agent(k);

17: end if

18: Agent(k).subscribe(pin);

19: end if

20: end for

21: end for

22: k ← provider(s);

23: if ¬∃Agent(k) then

24: create Agent(k);

25: end if

26: Agent(k).subscribe(s);

27: end for

Algorithm 5 shows the parameter level filtering algorithm that uses node agents to keep

track of these references. Since ontology nodes are used to describe the type of operation

parameters, a parameter is considered an instance of such a node. When an Web service

operation is introduced in the mining process, each of the operation’s output parameters

will publish to an ontology node it is an instance of (lines 3 to 11). For example, output

parameters of COX1 service operation producePGG2 in Figure 4.2 will publish to node

PGG2. Similarly, each of its input parameters will subscribe to an ontology node it is an



G. Zheng Chapter 4. Web Service Mining Framework 41

instance of (lines 12 to 20). For example, the input parameter of COX1 service operation

producePGG2 in Figure 4.2 will subscribe to node Arachidonic Acid.

As an operation is introduced, its corresponding parameters trigger the necessary subscrip-

tions and publications. Since each ontology node inherits the Node class, it is capable of

keeping track of its own subscribing and publishing parameters. This tracking enables a sub-

scribing parameter of the node to become essentially notified of the presence of a publishing

parameter. As a result, the operation which the subscribing parameter belongs recognizes

the operation which the publishing parameter belongs, and a bond is established. Algo-

rithms 6, 7, and 8 list the functions provided by a node agent to register the publication of

an output parameter, subscription of an input parameter, and subscription of a service an

instance of the corresponding ontology node would provide.

Algorithm 6 Registering the Publication of an Output Parameter through a Node Agent
publish(pout)

Input: pout of data type that this agent represents.

1: publishers.add(pout);

2: for all n ∈ CompositionalChildren do

3: Agent(n).publish(pout);

4: end for

5: if inheritanceParent 6= φ then

6: Agent(inheritanceParent).publish(pout);

7: end if

8: for all pin ∈ parameterSubscribers do

9: if pin.operation 6= pout.operation ∧ pout 6∈ pin.bonds then

10: pin.bonds.add(pout);

11: end if

12: end for

13: for all s ∈ serviceSubscribers do

14: s.promotors.add(pout);

15: end for

Within an ontology, publication and subscription on a node can sometimes propagate to other

nodes within the ontology network. This happens when the node is involved in an inheritance

or compositional relationship with other nodes. For example, if operation A needs COX as

one of its input parameters and consequently subscribes to node COX and operation B

generates COX1 and consequently publishes to node COX1, then the publication on node

COX1 also propagates up the inheritance tree so operation A becomes aware of operation B

on node COX. In general, publication propagates down a composition tree (lines 2 to 4 in
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Algorithm 7 Registering the Subscription of an Input Parameter through a Node Agent
subscribe(pin)

Input: pin of data type that this agent represents.

1: subscribers.add(pin);

2: for all n ∈ CompositionalParents do

3: Agent(n).subscribe(pin);

4: end for

5: for all n ∈ inheritanceChildren do

6: Agent(n).subscribe(pin);

7: end for

8: for all pout ∈ parameterPublishers do

9: if pin.operation 6= pout.operation ∧ pout 6∈ pin.bonds then

10: pin.bonds.add(pout);

11: end if

12: end for

13: for all s ∈ serviceSubscribers do

14: s.inhibitors.add(pin);

15: end for

Algorithm 8 Node Agent Function for Registering the Subscription of a Service
subscribe(s)

Input: s by entity of data type that this agent represents.

1: serviceSubscribers.add(s);

2: for all p ∈ publishers do

3: s.promotors.add(p);

4: end for

5: for all p ∈ subscribers do

6: s.inhibitors.add(p);

7: end for

Algorithms 6) and up an inheritance tree (lines 5 to 7 in Algorithm 6), while subscription

propagates up a composition tree (lines 2 to 4 in Algorithm 7) and down an inheritance tree

(lines 5 to 7 in Algorithm 7) in the ontology.

Algorithm 9 shows the algorithm used to generate leads of service compositions or pathway

segments. Function isCompletelyBound() returns true if all input parameters of the opera-

tion is bound. When applied to pathway discovery, this function is degenerated into checking

whether the operation is simply bound with any other operation. Function generateLeads()

for a service generates a lead tree rooted at a service listing as its child nodes promoting



G. Zheng Chapter 4. Web Service Mining Framework 43

Algorithm 9 Lead Generation
Input: Focused library F .

Output: Leads of composed Web services L.

Variables: Leads from publication and subscription Lps,

1: for all s ∈ F do

2: if s.promoters 6= φ or s.inhibitors 6= φ then

3: Lps ← s.generateLeads();

4: L.add(Lps)

5: end if

6: for all op ∈ s.operations do

7: if op.isCompletelyBound() then

8: Lps ← op.generateLeads());

9: L.add(Lps)

10: end if

11: end for

12: end for

13: return L;

operations outputting entity of its type or inhibiting operations consuming entity of its type.

Function generateLeads() for an operation generates a lead tree rooted at an operation con-

taining as its child nodes operations whose output parameters match its input parameters.

4.2.1.3 Filtering in Fixed Scope Mining and Incremental Mining

The filtering algorithms at both the operation and parameter levels can be applied after

all operation interfaces for the mining context have been included in fixed scope mining or

as more operation interfaces are identified and added to OPintf (C) due to the expansion

of mining context in incremental mining. This allows incremental mining to be practically

a more flexible approach than fixed scope mining. As the mining context settles down in

incremental mining, the introduction of new operation interfaces to OPintf (C) will stop and

expansion of the focused library will also cease. As a result, the filtering of Web services will

eventually reach a closure.

4.2.1.4 Complexity Analysis

We compare the computation complexity of the screening algorithms against a naive ex-

haustive search algorithm using operation recognition at both the operation and parameter
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levels. Table 4.1 lists relevant variables used in our complexity analysis.

Variables

NopIf Number of operation interfaces in the mining context

Npin Average number of input parameters to an operation

Npout Average number of output parameters from an operation

Nws Number of Web services in the focused library

Noi Average number of operation interfaces each Web service implements

Noc Average number of operation interfaces each operation consumes

Nops Average number of operation subscribers to an operation interface

Nopp Average number of operation publishers to an operation interface

Nns Average number of parameter subscribers to an ontology node

Nss Average number of service subscribers to an ontology node

Nnp Average number of publishers to an ontology node

|Ont| Size of domain ontologies

Performance measurement parameters

Tof Time for operation filtering

Tmf Time for message/parameter filtering

T Total screening time (T = Tof + Tmf )

Table 4.1: Symbols and Parameters

If we refer to the size of collection s.operations as |S|, then the time to carry out a hashtable-

based check of the ∈ operation (lines 6 and 11 in Algorithm 2) is O[log(|S|)]. In the following

we first analyze the performance of the traditional exhaustive search algorithm. An operation

level composability check will iterate through all services in the scope and check each service

against all other services. For a pair of services s1 and s2, it checks whether s1’s operation

could consume any of s2’s operations, vice versa. There are two ways to match up operations

from s1 and s2. The first is to iterate through s1’s operations and for each operation iterate

through Noc to see if an consumable operation is in s2’s operation set. The second is to

iterate through s1’s operations and then s2’s operations. For each operation found in s2’s

operation set, check whether it is consumable by the one found in s1’s operation set. Thus,

the time to perform operation level comparison using an exhaustive search is:

Tof = O[N2
ws ×min(Noi ×Noc × logNoi, N

2
oi × logNoc)]

We now analyze the performance of our operation level filtering algorithms. According

to Algorithm 3, the time to perform publish(op) is O(Nops). Likewise, from Algorithm 4,
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the time to perform subscribe(op) is O(Nopp). Thus, Tof can be calculated according to

Algorithm 2:

Tof = O[NopIf + Nws × (Noi × (logNopIf + Nops + Noc × (logNopIf + Nopp)) + log(|ont|))]

= O[Nws × (Noi × (Nops + Noc ×Nopp + (1 + Noc)× logNopIf ) + NopIf + log(|ont|))]

Comparing the performance of our filtering algorithms with that of an exhaustive search

algorithm, we see that when NopIf is relatively small and stable as compared to Nws, Tof

in our filtering algorithm is linear to Nws, while Tof in a traditional exhaustive search is

exponential to Nws.

At the parameter level, the time Tmf for the exhaustive algorithm can be calculated using:

Tmf = O[N2
ws ×N2

oi ×min(Npin × logNpout, Npout × logNpin)]

The time Tmf for our filtering algorithm according to Algorithms 5, 6, 7 and 8 is:

Tmf = O[Nws × (Noi × (Npout × (Nns + Nss) + Npin × (Nnp + Nss)) + Nnp + Nns)]

Similar to operation level filtering, Tmf from our parameter level filtering algorithms is linear

to Nws, while Tmf in the traditional exhaustive search is exponential to Nws.

We list Tof and Tmf for both our algorithms and the traditional exhaustive search in Table

4.2.

Our Screening Algorithm

Tof = O[Nws × (Noi × (Nops + Noc ×Nopp + (1 + Noc)× logNopIf ) + NopIf + log(|ont|))]

Tmf = O[Nws × (Noi × (Npout × (Nns + Nss) + Npin × (Nnp + Nss)) + Nnp + Nns)]

Exhaustive Search

Tof = O[N2
ws ×min(Noi ×Noc × logNoi, N

2
oi × logNoc)]

Tmf = O[N2
ws ×N2

oi ×min(Npin × logNpout, Npout × logNpin)]

Table 4.2: Performance Comparison

4.2.1.5 Complexity Simulation

We conducted experiment to simulate the performance of the filtering algorithms. We used

an XP machine with duo core 2.8GHz. We focus in our experiment on investigating the
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relationship between the total processing time of the filtering algorithms and the number of

Web services that are used as inputs to these algorithms. Table 4.3 lists the configuration

variables used in our experiment.

Variable Value or Range

Number of domains 50

Number of operation interfaces per domain 100

Number of services ns 100× 2iteration number−1

Domain ontology index nodes to services ratio s num num ranges from 1/3 to 3

Number of operations per service 1 − 5 uniformly distributed

Number of operation interfaces consumed by operation 0 − 2 uniformly distributed

Input parameters per operation 1 − 10 uniformly distributed

Output parameters per operation 1 − 10 uniformly distributed

Table 4.3: Experiment Settings for Filtering Algorithms Performance Simulation

We use ns to denote the number of services in the input and s num the ratio of ontology

index nodes to services. For each s num, we iterate through ns, which starts at 100 and

doubles its values for each subsequent iteration, as indicated in Table 4.3. For each pair of

(ns, s num), we run through the filtering algorithms 10 times. We then take the averages

of the total processing time from these runs and plot them in Figure 4.3. From simulation

results in both Figures 4.3, we see that the total filtering time is linear to the number of

services used as input.

We note from Figure 4.3 that as the ratio of domain ontology index nodes to services de-

creases, the total filtering time tends to increase. This observation can be better expressed

in Figure 4.4 and is consistent with our analytical model (see Tables 4.1 and 4.2). As the

ratio of services to ontology index nodes increases, each index node is expected to have an

increased number of parameter subscribers (Nns), service subscribers (Nss) and publishers

(Nnp). According to Eq. 4.5, Tmf is linear to Nns, Nss and Nnp.

4.2.2 Static Verification

Various measures [72] have been proposed to determine whether two operations are compos-

able at both syntactic and semantic levels. These measures can be used to determine whether

a direct recognition-based composition is actually valid. For promotion and inhibition-based

compositions, they are valid because the entities of interest provide the corresponding services

by declaration. In this section, we focus on how the validity of an indirect recognition-based
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composition can be determined in the verification phase. We denote comp(OPs, opt) as an

operation composition involving a set of source operations OPs providing input parameters

to target operation opt, where OPs ⊂ OPs(→ opt). In order for comp(OPs, opt) to be valid,

the following must be true:

∀ops ∈ OPs, Γ[ops.L, opt.L] 6= 0 (4.5)

where Γ is a domain expert-determined correlation function that measures the relevancy (i.e.,

1 for the same and non-zero for related) of two locales. Eq. (4.5) states that in order for the

composition to be valid, each of the source operations must have a locale that correlates to

that of the target operation. A relevant example in bioinformatics would be to make drug

molecules effective (or compose with disease causing molecules) by sending them to where

the disease cells are located.

If we use Bt
selected(ops → opt) to denote a set of opt’s input parameters (i.e., target parame-

ters) covered by a selected subset of B(ops → opt) for comp(OPs, opt), Bs
selected(ops → opt)

the corresponding output parameters from ops, and EAcomp external attributes involved in

comp(OPs, opt), then in order for the composition to be valid, the following must also be

true:

∃F (OPs) : ∀Bt
selected(ops → opt) where ops ∈ OPs,

∑

ops∈OPs

f∈F (OPs)

{(Cpost(f(ops)) on Bs
selected(ops → opt) and EAcomp)}

⊃ {Cpre(opt) on Bt
selected(ops → opt) and EAcomp} (4.6)

F (OPs) refers to composition-specific mediations that need to be applied to OPs so that

the combined post-conditions Cpost of OPs cover the space carved out by the pre-conditions

CPre of opt if all Bs
selected(ops → opt) are replaced by corresponding Bt

selected(ops → opt).

Consequently, invocation of opt is activated.

The filtering algorithm, when applied to pathway discovery, can identify pathway segment

leads, the building blocks for pathways. Each segment may be used multiple times later in

building different pathways or different sections of the same pathway. To reduce the chance

of contamination during pathway construction by invalid segments, we present algorithm to

check for their validity in Algorithm 8.
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Algorithm 10 Static Verification
Input: Leads of compositions Lcs

Output: Composition network.

Variables: composition lead lcs, root operation node rootOp, root service node s, entity e, param-

eter subNode para, and operation subNode op.

1: for all lcs ∈ Lcs do

2: if lcs.rootNode is an operation then

3: rootOp← lcs.rootNode

4: for all parameter subNode para of rootOp do

5: for all provider operation subNode op of para do

6: if ¬overlap(rootOp.getStaticPreConds(), op.getStaticPostConds()) then

7: remove op as a subNode from para;

8: end if

9: end for

10: end for

11: end if

12: if lcs.rootNode is a service then

13: s← lcs.rootNode;

14: e← entity subNode of s;

15: for all operation subNode op of e do

16: if op is a promoter of s then

17: if ¬∃op′ ∈ s.operations : overlap(op′.getStaticPreConds(), op.getStaticPostConds())

then

18: remove op as a promoter of s;

19: end if

20: end if

21: if op is an inhibitor of s then

22: if ¬∃op′ ∈ s.operations : ¬overlap(op′.getStaticPreConds(), op.getStaticPostConds())

then

23: remove op as an inhibitor of s;

24: end if

25: end if

26: end for

27: end if

28: end for
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The verification algorithm relies on checking static conditions involving binary variables and

enumerated properties. For each of the composition leads, we check to see if it starts with

an operation (lines 02-11) or a service (lines 12-27). In the first case, we check whether

the static post-conditions of an operation op, which is identified as one recognized by the

root operation rootOp of the lead, overlap with the static pre-conditions of rootOp. If not,

then op is removed from the list of operations that rootOp recognizes. In the second case,

we check for each of the operations identified as either a promoter or inhibitor whether it

is valid for that role. For an operation op′ identified as a promoter, we check whether its

post-conditions overlap with the pre-conditions of any of the operations of the root service

s. If not, op′ is removed as a promoting operation. Similarly for an operation identified as

an inhibitor, we check whether its post-conditions overlap with the pre-conditions of all of

the operations of s. If yes, it means that the invocation of op′ does not inactivate at least

one of s’s operations. As a result, we remove it as an inhibiting operation.

4.2.2.1 Complexity Analysis

We compare the computation complexity of the static verification algorithm against a naive

exhaustive search algorithm. In the exhaustive search algorithm, the time T1 needed to verify

whether all the indirect recognition based compositions are statically valid is:

T1 = O[Nws ×Noi ×Npout ×Nws ×Noi ×Npin]

= O[N2
ws ×N2

oi ×Npout ×Npin]

The time T2 needed to verify whether all the promotion and inhibition based compositions

are statically valid is:

T2 = O[Nws ×Noi ×Npout ×Nws ×Noi + Nws ×Noi ×Npin ×Nws ×Noi]

= O[N2
ws ×N2

oi × (Npout + Npin)]

Thus, the total time T needed to verify whether all compositions are valid in the exhaustive

approach is:

T = O[N2
ws ×N2

oi × (Npout ×Npin + Npout + Npint)]

We now analyze the complexity of Algorithm 10. Since we rely on ontological index nodes as

the recognition medium, the chance p1 that each ontology index node will have an indirect
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recognition based composition is:

p1 =
Nws ×Noi ×Npout

|Ont|
×

Nws ×Noi ×Npin

|Ont|

The chance p2 that each ontology index node will have a promotion and inhibition based

composition is:

p1 =
Nws ×Noi × (Npout + Npin)

|Ont|
×

Nws

|Ont|

Thus, the total time T needed to verify whether all compositions are valid in our approach

is:

T = O[p1 × |Ont|+ p2 ×Noi × |Ont|]

= O[|Ont| × (
Nws

|Ont|
)2 ×Noi × (Npout ×Npin + Npout + Npint)]

= O[(
Nws

|Ont|
)×Nws ×Noi × (Npout ×Npin + Npout + Npint)]

As compared to the exhaustive approach, there is an |Ont| fold improvement in our approach.

When the ratio of Nws

|Ont|
stays constant, our approach has the performance that is linear to

the number of Web services.

4.2.2.2 Complexity Simulation

We conducted experiment to simulate the performance of the static verification algorithm.

We used the same runtime environment and configuration variables as shown in Table 4.3.

To simulate the pre- and post-conditions, we create a precondition for each input parameter

stating that it should fall in a range uniformly selected from [0.0, 1.0). Likewise, we create

a postcondition for each output parameter stating that it should fall in a range uniformly

selected from [0.0, 1.0). During simulation, we treat an overlap between a postcondition and

a precondition as a match. Similar to the simulation for the filtering algorithms, for each

pair of (ns, s num), we run through the static verification algorithm 10 times. We then take

the average of the total processing time from these runs and plot it in Figure 4.5. From

simulation results in both Figures 4.5, we see that for a given services to ontology index

nodes ratio, the total verification time is linear to the number of services used as input.
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Figure 4.5: Verification Complexity Simulation: Processing Time vs. Number of Services

4.2.3 Linking

In this section, we describe algorithms for linking composition leads into composition net-

works. Since a composition lead can start with either an operation (in the case of indirect

recognition) or a service (in the case of promotion or inhibition), we split the establishment

of link references among these segments into two steps. We show the first step in Algorithm

11.

Within this step, we sweep all composition leads that start with an operation, This step

checks, for each lead starting with an operation, all parameter providers for each of the

input parameters of the root operation to see if there is a lead that starts with the same

operation. If so, it replaces the operation sub node in the current tree with the root node

of the newly found lead. In addition, the algorithm marks the newly found lead as being

referenced so that it won’t get included again later as a different lead since it is already part

of the current lead.

In the second step shown in Algorithm 12, we first sweep all composition leads that start with

a service (lines 1-16) and then all composition leads that start with an operation (lines 17-

25). During the sweep for each of the leads that starts with a service, this step first traverses

to the sub node representing the entity providing the service and then checks, for each of

the entity node’s sub nodes representing an operation that either promotes the service (via
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Algorithm 11 Composition Linking Sweep1
Input: Leads of compositions Lcs

Output: Leads of composition Lcs marked with link references among operations.

Variables: composition leads lcs and l′cs, parameter subNode para, and operation subNode

op.

1: for all lcs ∈ Lcs do

2: if lcs.rootNode is an operation then

3: for all parameter subNode para of lcs.rootNode do

4: for all provider operation subNode op of para do

5: if ∃l′cs ∈ Lcs : op = l′cs.rootNode then

6: replace op with a reference to l′cs under para;

7: mark l′cs as being referenced;

8: end if

9: end for

10: end for

11: end if

12: end for

outputting the same entity as a parameter) or inhibits the service (via taking as an input

parameter the same entity), whether there is a lead that starts with the same operation. If

so, it replaces the operation sub node with the root node of the newly found lead, which is

then marked as being referenced. The algorithm then traverses to the operation’s sub node

representing the service that provides this operation and checks to see if there exists a lead

that starts with the same service. If so, it replaces the service sub node with the root node

of the newly found lead, which is then marked as being referenced. Next, we need to ensure

that the service sub node of each of the leads that starts with an operation is also properly

updated with the root node of a lead that starts with the same service, if such a lead exists.

This is done by sweeping each lead that starts with an operation, traversing to its sub node

representing the service that provides the operation, checking to see if there exists a lead

that starts with the same service, and if so replacing the service sub node with the root

node of the newly found lead and marking the lead as being referenced. Finally, each of

the composition leads, which may have been extended via references to other composition

leads, is added to the collection of lead composition networks if it is not marked as being

referenced.
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Algorithm 12 Composition Linking Sweep2
Input: Leads of composition segments Lcs marked with link references among operations.

Output: Lead composition networks Lc.

Variables: Composition leads lcs and l′cs, entity e, operation subNode op, and provider service

subNode s of op.

1: for all lcs ∈ Lcs do

2: if lcs.rootNode is a service then

3: e← entity subNode of lcs.rootNode

4: for all operation subNode op of e do

5: if ∃l′cs ∈ Lcs : op = l′cs.rootNode then

6: replace op with a reference to l′cs under e;

7: mark l′cs as being referenced;

8: end if

9: s← service subNode of op

10: if ∃l′cs ∈ Lcs : s = l′cs.rootNode then

11: replace s with a reference to l′cs under op

12: mark l′cs as being referenced;

13: end if

14: end for

15: end if

16: end for

17: for all lcs ∈ Lcs do

18: if lcs.rootNode is an operation then

19: s← service subNode of op

20: if ∃l′cs ∈ Lcs : s = l′cs.rootNode then

21: replace s with a reference to l′cs under op;

22: mark l′cs as being referenced;

23: end if

24: end if

25: end for

26: for all lcs ∈ Lcs do

27: if lcs is not referenced then

28: Add lcs to Lc;

29: end if

30: end for
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4.2.3.1 Complexity Analysis

We now analyze the complexity of our linking algorithms. In Algorithm 11, line 1 is an

operation that is linear to Nws. Line 3 has a factor of Nws

|Ont|
× Npin. Line 4 has a factor of

Nws

|Ont|
× Npout. Line 5 has a factor of logNws. In Algorithm 12, lines 1, 17 and 26 all have a

factor of Nws. Line 4 has a factor of Nws

|Ont|
× (Npin + Npout). Lines 5, 10 and 20 all have a

factor of logNws. Thus, the total time needed for both Algorithms 11 and 12 is:

T = O[Nws{
Nws

|Ont|
×Npin ×

Nws

|Ont|
×Npout × logNws +

Nws

|Ont|
× (Npin + Npout)× logNws + logNws + 1}]

= O[Nws{(
Nws

|Ont|
)2 ×Npin ×Npout × logNws +

Nws

|Ont|
× (Npin + Npout)× logNws + logNws + 1}]

If we keep Nws

|Ont|
constant, then T = O[NwslogNws].

4.2.3.2 Complexity Simulation

We conducted experiment to simulate the performance of the linking algorithms. We used

the same runtime environment and configuration variables as shown in Table 4.3. Similar to

the simulation for the filtering and static verification algorithms, for each pair of (ns, s num),

we run through the static verification algorithm 10 times. We then take the average of the

total processing time from these runs and plot it in Figure 4.6. Although the performance

is not linear to Nws, as is that for filtering and static verification, the overall time it takes to

complete the linking phase is relatively much shorter than are those for the other two types

of algorithms given the range of number of services that is of interest here.

4.2.4 Effects of Operation Diversity and Complementarity

Among the lead composed Web services, many may turn out to be useless or frivolous. In

drug discovery, frivolous leads can consume most of the screening time. An effective way

to tackle this problem is to increase the chemical diversity of the compound library [103].

Likewise, the diversity of web service operations plays an important role in Web service

mining. We define operation diversity below.

Operation Diversity of mining context C is defined as:
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Figure 4.6: Linking Complexity Simulation: Processing Time vs. Number of Services

diversity(C) =
Num(nodeont)

∑

Op∈C Num(op.parameters)
(4.7)

where

• Num(nodeont) is the number of nodes in the ontology that are referred to by operation

parameters of operations in C, and

• Num(op.parameters) is the number of op’s parameters including both its input and

output parameters. ♦

Web service operation diversity has a direct effect on Web service screening. If operations

are not diverse enough, we may have too many operations crowding over just a few ontol-

ogy nodes, and consequently end up with too many frivolous composition leads that can

overburden the evaluation phase. If operations are too diverse, we may have too few op-

erations using any given ontology nodes, and have no composition lead after all. However,

the increased difficulty of producing operation recognitions due to a more diverse operation

distribution also increases the value of such recognition. While diversity indicates the value

of recognition, the following measure gives a good indication of the probability of recognition

occurrences.

Operation Complementarity is defined as:
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complementarity(C) =
Numps(nodeont)

Num(nodeont)
(4.8)

where

• Numps(nodeont) is the number of nodes in the ontology that have both publishers and

subscribers from C, and

• Num(nodeont) is the number of nodes in the ontology that are referred by parameters

of operations in C. ♦

If we use a group of relevant leads (GRL) to refer to leads that center around the same

completely bound operation, then complementarity serves as an indicator of either the pop-

ulation or the density of GRLs that will result from Web service screening. Obviously as

complementarity approaches 1, more operations within the mining context become com-

pletely bound. If this trend is also coupled with a high value of diversity, then more GRLs

are expected to result from the mining process.

4.3 Post-screening Analysis and Evaluation

Not all service compositions discovered during the screening phase are necessarily interesting

and useful. The purpose of post-screening analysis and evaluation is to identify those that

are truly interesting and useful. In this chapter, we cover four distinct steps in achieving this:

objective evaluation, interactive hypothesis formulation, simulation and subjective evaluation.

4.3.1 Objective Evaluation

Objective evaluation aims at using objective measures to evaluate the interestingness and

usefulness of composed Web services. In this section, we first introduce the concepts of

operation similarity, domain correlation and unrelatedness. These are used in our objective

measures for interestingness and usefulness, which are described thereafter. We then discuss

objective evaluation strategies for the purpose of narrowing down the candidate pool for

further consideration.
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4.3.1.1 Operation Similarity

The concept of operation similarity is relevant when we study the interestingness of an

indirect recognition-based composition. The similarity of two operations can be measured

by comparing their input parameter set, output parameter set, pre-conditions and post-

conditions. We use the following function to measure the similarity between opi and opj:

Sim(opi, opj) = cp(
|Pin(opi) ∩ Pin(opj)|

|Pin(opi) ∪ Pin(opj)|
×
|Pout(opi) ∩ Pout(opj)|

|Pout(opi) ∪ Pout(opj)|
)

+ cc(
|Cpre(opi) ∩ Cpre(opj)|

|Cpre(opi) ∪ Cpre(opj)|
×
|Cpost(opi) ∩ Cpost(opj)|

|Cpost(opi) ∪ Cpost(opj)|
) (4.9)

where cp and cc are weights such that 0 ≤ cp, cc ≤ 1 and cp +cc = 1. |P | and |C| give the size

of parameter set P and condition set C, respectively. According to Eq. (4.9), Sim(opi, opj)

ranges from 0 to 1, with 1 indicating that the two operations have the same parameters and

conditions.

4.3.1.2 Domain Correlation and Unrelatedness

Domain correlation Γ measures the relevancy of two domains di and dj or the cohesion of

the same domain (when i = j). It is defined as:

Γ[di, dj ] = e
− 1

ε0(n+1) (4.10)

where n is the number of unique pairs of operations, {(opi, opj) | opi ∈ di, opj ∈ dj}, that

are previously known to have been involved in a composition. When n = 0, the correlation

between two domains in Eq. (4.10) is assigned an initial value of γ0 = e
− 1

ε0 . Eq. (4.10)

shows that Γ for two domains quickly approaches 1 as n increases.

We define the multiplicative inverse of the domain correlation as domain unrelatedness, Θ.

We bound the maximum value of Θ to 1, thus

Θ[di, dj ] =
γ0

Γ[di, dj ]
(4.11)
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4.3.1.3 Objective Interestingness

Interestingness indicates how interesting a Web service composition discovered from the

screening phase really is. We consider two types of application area where this needs to be

determined. The first is e-government and e-commerce, where QoWS plays an important

role in the case of direct recognition-based composition. We say the composition is inter-

esting if it exhibits better qualities than all previously discovered similar operations. The

second application area is biological pathway discovery, where the significance of QoWS is

less important as we don’t expect any occurrences of direct recognition-based composition.

In this section, we attempt to devise an objective interestingness measure factoring in var-

ious considerations for the other three recognition mechanisms that are applicable to both

application areas. We define interestingness, I, as a tuple [A,N,Uq, Dv, S,W ], where

• A is the actionability of the composition

• N is the novelty of the composition,

• Uq is the uniqueness of the composition,

• Dv is the diversity of the composition constituents,

• S is the surprisingness of the composition,

• W is the product of expert-assigned weights wi (wi > 1) to domain ontology index

nodes that are involved in a composition. We choose to multiply all such weights

involved in a composition to reflect their subjective interestingness-enhancing effect.

Actionability. We define actionability as a binary (i.e., 1 for actionable, 0 for non-

actionable) representing whether the composability of a composition can be verified through

simulation or live execution. A non-actionable composition is considered uninteresting. Thus

actionability contributes multiplicatively towards the overall interestingness.

Novelty. We define novelty as a binary (i.e., 1 for novel, 0 for old or known). The source of

this information may be a database or registry that keeps track of known service compositions

or, in the case of pathway discovery, a pathway base. An old or known composition is

considered uninteresting. Thus novelty also contributes multiplicatively towards the overall

interestingness.
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Uniqueness. Uniqueness, Uq, measures how unique a composition is. We use the following

function to calculate uniqueness:

Uq =

{

1, promotion or inhibition

1−Maxop∈DSim(comp(OPs, opt), op), indirect recognition
(4.12)

For both promotion and inhibition, the uniqueness is set to 1 due to the validity of the

composition. For indirect recognition, D is a reference set of domains. Obviously the more

similar the composed operation is to an existing operation, the less unique it is regarded. Uq

can thus vary between 0 and 1.

Diversity. Diversity Dv indicates how diverse components involved in a Web service com-

position are. We use the following objective function to measure diversity:

Dv =

{

Σds∈D(s)Θ[d(op), ds], promotion or inhibition

Σop∈OPs
Θ[d(op), d(opt)], indirect recognition

(4.13)

If we replace Θ with Γ, Eq. (4.13) can be rewritten as:

Dv =

{

Σds∈D(s)
γ0

Γ[d(op),ds]
, promotion or inhibition

Σop∈OPs

γ0

Γ[d(op),d(opt)]
, indirect recognition

(4.14)

For promotion or inhibition involving op and s, D(s) is a set of domains s is involved with.

In all cases, d() provides the domain of a given service operation. According to Eq. (4.14),

in the case of promotion or inhibition, the more domains s is involved with and the less

the correlation between these domains and that for op, the higher the value of diversity.

In the case of indirect recognition, both the number and the domains of source operations

op ∈ OPs contribute to the overall diversity. The more source operations that are involved

in the composition and the less the correlation between their domains and the domain of the

target operation, the higher the value of diversity.

Surprisingness. Surprisingness S indicates how unexpectedly a Web service composition

is achieved. We use the following objective function to measure it:

S =

{

max
ds∈D(s)Θ[d(op), ds], promotion or inhibition

maxop∈OPs
Θ[d(op), d(opt)], indirect recognition

(4.15)

Replacing Θ with Γ, Eq. (4.15) becomes:

S =







γ0

min
ds∈D(s)

Γ[d(op),ds]
, promotion or inhibition

γ0

min
op∈OPs

Γ[d(op),d(opt)]
, indirect recognition

(4.16)
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Unlike diversity, the measure of surprisingness focuses on the correlation between two do-

mains having the biggest contribution to the overall value. According to Eq. (4.16), a

composition achieved by combining two services from domains previously known to be very

relevant is less surprising than one from those previously known to be less relevant. Due

to the similarity between Eq. (4.14) and Eq. (4.16), it turns out that surprisingness and

diversity are correlated. As our results in Section 4.3.1.6 shows, such correlation also varies

as the number of service operations increases.

4.3.1.4 Objective Usefulness

Usefulness is the next determination criteria following interestingness. We mentioned in Sec-

tion 3.4 that the meaning of usefulness is sometimes relative and subjective. However, when

the field of study and domain of interest are narrow enough, we often have a good general

consensus on what to expect of usefulness. For example, in the field of drug discovery, use-

fulness of drugs is manifested by their capability to inhibit or remedy abnormal receptors as

they bind with drug molecules. In other words, the composition of the abnormal receptors

and drug molecules is useful because it results in some new properties that are responsible

for the improved overall interaction of the receptors with the surrounding cells. As a result,

the spread of the disease inside the body is either controlled or stopped. In another example

involving the conference Web service (CWS) introduced in Section 3.2, instead of requiring

conference participants to find and reserve hotel rooms and ground transportation by search-

ing various travel services individually, the composite service CWS can provide a one-stop

service point that not only guarantees the synchronization of the participants’ schedule with

that of the conference, but also offers them a discount rate through its partnership with the

selected travel service.

While it is difficult to objectively quantify the ramification of new properties emerged out of

a service composition using a simple usefulness measure, we take into consideration elements

of usefulness that can be objectively evaluated for the cases of direct and indirect recognition.

Due to the prevalent use of QoWS attributes in e-commerce and e-government, usefulness

in these settings could be calculated for the following two cases:

1. There are multiple operations competing to provide each of the input parameters of a

completely bound operation within a group of relevant leads (GRL) centered around

an operation interface. Each of these competing operations may in turn have imple-

mentations provided by multiple services. If the overall composition provides the same
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or similar function not seen before, then the usefulness can be at least partially calcu-

lated using the overall QoWS. The purpose of doing that is so that all the candidate

compositions can then be compared to find out which one of them exhibits the highest

QoWS.

2. If a composition provides a function that is the same as or similar to an existing

function, usefulness could be expressed through its QoWS improvement achieved over

the existing function.

In either case, QoWS-based usefulness can be determined either statically if service QoWS

are registered over time and become wildly known or measured at runtime if they are vague

and have to be determined dynamically.

4.3.1.5 Evaluation of Objective Interestingness and Usefulness

When multiple compositions are identified through the screening phase, the candidate pool

for further consideration can be reduced through selecting service compositions that exhibit

the highest values of objective interestingness and/or usefulness. This can be done using two

approaches, namely weighted function and skyline methods. We describe the two approaches

in this section.

Objective Function

An object function taking into account interestingness measures can be devised as follows:

I = AN(cuUq + cdDv + csS)
m
∏

i=1

wi (4.17)

where cu, cd and cs are weights for the weighted function such that 0 ≤ cu, cd, cs ≤ 1 and

cu+cd+cs = 1. m is the number of expert-assigned weights wi (wi > 1) to operation interfaces

and domain ontology index nodes that are involved in a composition. We choose to multiply

all such weights involved in a composition to reflect their subjective interestingness-enhancing

effect. Likewise, a similar weighted function on usefulness in the e-commerce environment

can be calculated using:

U =











∑

q∈pos wq
q−qmin

qmax−qmin
+

∑

q∈neg wq
qmax−q

qmax−qmin
, new function (case 1)

∑

q∈pos wq
δq

qmax−qmin
−

∑

q∈neg wq
δq

qmax−qmin
, existing function (case 2)

(4.18)
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Where pos is a set of quality attributes (e.g., reliability) that contribute positively towards the

weighted function while neg is a set of quality attributes (e.g., response time) that contribute

negatively towards the weighted function. wq are weights assigned by users to each quality

attributes such that wq ≥ 0 and
∑

wq = 1. q represents the value of an aggregate lead

QoWS attribute calculated according to Table 3.1. δq = qcomposition− qexisting. qmax and qmin

are respectively the maximum and minimum values of the same attribute among all leads

in the GRL. The first half of Eq. (4.18) is essentially a combined form of the scaling phase

and weighting phase proposed in [106]. The second half of Eq. (4.18) extends the function

to the improvement of QoWS calculated between two compositions.

Such an weighted function, once configured with all the weights, can be rather simple to use.

Unfortunately, the configuration itself requires the user to first express his/her preferences

over several interestingness-related measures or quality attributes as numeric weights. The

specification of these weights could be rather demanding yet arbitrary due to the uncertain

nature of transforming user preferences to numeric weights. Often such preferences could

be rather vague before the data are being presented to the user. As a result, the user

may have to go through a time consuming trial-and-error process, as the data are being

presented, to arrive at a desired combination of such weights. In addition, no matter how

the weights are distributed along different measures, there is always a possibility that some

of the compositions having high values in certain measures may be suppressed due to their

low values in others. This is especially true when the high values are associated with small

weights and the low values are associated with big weights. This could be a rather undesirable

situation if the user wants to include compositions with a very high value in any measure.

Skyline

Another popular approach in selecting service compositions that exhibit high values of desired

properties is the use of skyline operator, which originates from the database community [29].

A skyline is defined as a set of objects that are not dominated by other objects. In a multi-

objective environment such as those listed in Eq. (4.17), composition compa dominates

composition compb if compa exhibits better value in at least one dimension than does compb

and values as good as or better than does compb in all other dimensions. The skyline

operator addresses well the problem faced by the weighted objective function as the user is

not required to come up with an optimal combination of all the weights used in the weighted

function.
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4.3.1.6 Interestingness Simulation

In our simulation, we focus on investigating the interestingness skyline of service compositions

as skylines of QoWS based measures have already been extensively studied in Yu’s work

[105]. In addition, we focus on the study of interestingness of compositions obtained through

indirect recognition since they require more computation according to Eqs. (4.12), (4.14)

and (4.16). Table 4.4 lists the configuration variables used in our experiment.

Variable Value or Range

Domain ontology index nodes 50000

Ratio of ontology index nodes assigned user

weight

0.002

Range of user weight 1.0 − 5.0

Number of domains 50

Number of operation interfaces per domain no 50 − 500

Input parameters per operation np 0 − 5, 0 − 10 for Figure 4.8 (c)

Output parameters per operation 0 − 5

Pre/Post-condition range (float) 0 − 1.0

Similarity cc, cp 0.4, 0.6

ε0 0.4, 0.5, 0.6

Table 4.4: Experiment Settings for Interestingness Simulation

Since both actionability and novelty are boolean variables, we ignore these two variables

in our simulation. During each iteration of our mining algorithms, we pick a value for the

number of operation interfaces per domain and use that to populate operations in 50 domains.

For each domain operation, we generate its input/output parameters such that the number of

these parameters uniformly falls in the range of 0 to 5. Each of these parameters is associated

with a Domain Ontology Index Node (DOIN), which is identified with a sequence number.

For simplicity, we flatten all the DOINs (i.e., no inheritance and composition relationships

among ontology nodes) so that only exact matches and synonyms will be considered. We

place these DOINs (50000 of them for the experiment) in a circular buffer so that the last

sequence number is next to the first one. To study the contribution of user assigned weights

on DOINs towards the interestingness, we randomly choose 100 nodes (50000×0.0002) using

a uniform distribution and assign a weight uniformly distributed between 1.0 and 5.0. To

simulate the cohesive nature of DOINs in a domain, we pick them for the domain using

a Gaussian distribution around a mean sequence number randomly chosen for the domain

according to a uniform distribution. We assume that each parameter has an equal chance of

being associated with a DOIN. To simulate the pre- and post-conditions, each parameter is
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symbolically given a range randomly chosen between 0 and 1.0 using a uniform distribution.

We use the overlap of two such ranges (see Eq. (4.9)) to calculate the contribution of these

conditions towards the similarity of two operations. During each mining iteration based on

the chosen number of operation interfaces per domain, no, we calculate uniqueness, diversity,

surprisingness and weight product for compositions discovered in the iteration. These values

are then normalized using the following equation:

v =
v − vmin

vmax − vmin
(4.19)

The interestingness skylines can be shown as a surface formed in a 4D space with compo-

sitions’ uniqueness Uq, diversity Dv, surprisingness S and weight product
∏m

i=1 wi as the

coordinates. However, in order to plot them, we decide to represent each as a pair of 3D

surfaces using the following pair of coordinates: {Uq, Dv,
∏m

i=1 wi} and {Uq, S,
∏m

i=1 wi}.

Figure 4.7 uses blue circles to highlight skyline points. It shows the pair of 3D interesting-

ness skylines for different numbers of operation interfaces per domain. We see that as the

number of operation interfaces per domain increases, the number of discovered compositions

also increases dramatically. However, the interestingness skyline keeps a population of top

candidates with a relatively stable size.

Our experiment results also reveal a strong correlation between diversity and surprisingness.

To take a closer look at this, we plot the pairs of (diversity, surprisingness) for each

experiment setting using a 2-D graph. Figure 4.8 (a) shows three of these plots selected

based on varying values of no. At the top of each plot is information presented in the form

of ns-Nc, where ns is the number of source operations involved in a composition and Nc is

the number of composition instances containing ns source operations. ns ranges from 1 to 5,

corresponding to the the number of input parameters an operation can have (see Table 4.4).

Figure 4.8 (a) shows that as no increases, distribution of compositions shifts towards higher

values of ns, indicating an increasing likelihood for a composition to involve more source

operations. For example, when no = 50, there are no composition for ns = 4 or 5. When

no = 450, the number of compositions for ns = 5 reaches 1680, almost half of the number of

those for ns = 1. Each of the five distinct distribution lines corresponds to a value of ns.

For illustration purposes, we choose to plot the dimension of surprisingness using a log

scale. Consequently, an interesting correlation pattern between diversity and surprisingness

emerges. As the normalized value of surprisingness approaches 0, the distribution lines start

to become parallel. In addition, these distribution lines are evenly spaced out with a distance

of around 0.1. Based on Eq. (4.14), since the value chosen for surprisingness is the largest

element used for calculating diversity, as the normalized value of surprisingness approaches
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0, all such elements approaches e
− 1

ε0 , thus the distribution lines are evenly spaced out. The

analytical value of the spacing distance can be calculated using the following:

distance =
e
− 1

ε0

x + (n− 1)e
− 1

ε0

(4.20)

where x is the largest element of diversity and should fall in the range of (e
− 1

ε0 , 1]. n is

the maximum number of input parameters for an operation. Thus the range of the above

distance for ε0 = 0.5 and n = 5 should be:

range = (
e
− 1

ε0

1 + 4e
− 1

ε0

,
e
− 1

ε0

5e
− 1

ε0

] = (0.088, 0.2] (4.21)

Figure 4.8 (b) shows three plots with varying values of ε0. As ε0 increases, the spacing

distance between distribution lines also increases. Using Eq. (4.21), we see that for ε0 = 0.4,

the lower bound of Eq. (4.21) becomes 0.062. This lower bound increases to 0.108 for

ε0 = 0.6. Obviously, when ε0 is small, domains are more cohesive and less correlated,

resulting in smaller values of the overall diversity. As ε0 increases, domains become less

cohesive and more correlated, resulting in higher values of the overall diversity.

Figure 4.8 (c) shows three plots with varying values of the number of maximum input

parameters, np. Given ε0 = 0.5, the range of spacing distance shifts from (0.107, 0.333]

for np = 3 to (0.075, 0.143] for np = 7, and to (0.061, 0.1] for np = 10, respectively. Note

that as the number of maximum input parameters increases, more distribution lines emerge.

However, the spacing distribution among these lines reduces. Both Figures 4.8 (b) and (c)

indicate that diversity provides a finer distinction mechanism than surprisingness and can

be used to better separate out the most interesting compositions.

4.3.2 Interactive Hypothesis Formulation

To help user formulate hypotheses that would lead to the identification of ultimately useful

service compositions or pathways, we have developed strategies aiming at providing user

with visual aids towards that goal. We describe these strategies in this section and focus our

discussion on relevant strategies used in the discovery of useful pathways.
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4.3.2.1 Identification of Interesting Segments in a Composition Network

After a service composition or pathway network is discovered from the screening phase, the

identification of interesting segments within the network would help user focus more towards

them as they are expected to become part of the final outcome from the service mining

process. The evaluation strategies discussed in Section 4.3.1.5 can be used in general to

identify service compositions of high interestingness. In practice, to enable the automatic

identification of interesting segments within a pathway network, we also had to extend each

WSML service modeling a biological process to declare the source information in its nfp

section. This information allows the identification of novel edges between service models in

a discovered pathway network. The identification relies on comparing the source indicator

of edges in the pathway graph representing three types of service/operation recognitions

(Section 3.3): promotion, inhibition, and indirect recognition. These edges can then be

automatically highlighted in the graph.

4.3.2.2 Establishment of Connected Graph

Once interesting edges in a service composition or pathway network are highlighted to the

user, he/she can then use them as hints in selecting nodes of interest for further exploration.

We have developed the following strategy [110] to link both interesting edges and user selected

nodes into a fully connected graph to the extent possible:

1. Coalescing nodes (e.g., a, b, c in Figure 4.9) linked by interesting edges into a group.

2. Converting interesting nodes (e.g., t picked by user) and groups encompassing inter-

esting nodes (e.g., c, f) into nuclei, i.e., graph expansion focus nodes.

3. Incrementally expanding all the nuclei. We use the heuristics of connecting all the

interesting nodes using as many interesting edges as possible. To achieve this, whenever

a newly encountered node is part of a non-nucleus group (e.g., one that contains h,

i and j), an additional expansion is also triggered and the whole group are engulfed.

The expansion stops when all nuclei are connected or when all nodes in the graph are

visited.

Connected graphs identified using the above process are then presented to the user as basis

for hypothesis formulation. We list algorithm used to achieve steps 1 and 2 in Algorithm

13. We first construct two global reference sets: Eb for edges and Nb for nodes (lines 1
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Algorithm 13 Coalesce Interesting Nodes
Input: Global edge set Ea in composition graph, global node set Na in composition graph

Variables: Global edge references set Eb, global node reference set Nb, number of interesting

node references Ni, interesting edge reference set Se, group node reference set Sn, and group edge

reference set Te

1: create Eb;

2: create Nb;

3: calculate Ni from Nb;

4: if Ni ≤ 1 then

5: return;

6: end if

7: move all interesting edges in Eb into Se;

8: while ∃e ∈ Se do

9: create Sn;

10: create Te;

11: coalesce(e, Se, Te, Sn);

12: remove first node ng found in Sn;

13: convert ng to a group node by attaching Sn to ng;

14: if Sn is marked interesting then

15: for all e ∈ Te do

16: mark as connected the edge in Ea that e refers to;

17: end for

18: convert ng to a nucleus node by setting ng.nucleus = ng and ng.distance = 0;

19: end if

20: while ∃n ∈ Sn do

21: for all e connected to n do

22: associate e with ng if it does not connect ng;

23: if e ∈ Eb and thus is not interesting then

24: if one end of e connects to n such that n ∈ Sn then

25: redirect that end of e to ng;

26: end if

27: end if

28: end for

29: remove n from Sn;

30: remove n from Nb;

31: end while

32: end while

33: convert all interesting nodes that are not group nodes into nucleus nodes;
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Figure 4.9: Expansion of Interesting Segments in Composition Graph

Algorithm 14 Coalescing Group Nodes
coalesce(e, Se, Te, Sn)

Input: Global edge reference set Nb

Variables: Number of interesting node reference sets Ni

1: move e from Se to Te;

2: for all n connected by e such that n ∈ (Nb − Sn) do

3: Sn.add(n);

4: if n is interesting then

5: if Sn is interesting then

6: Ni- -;

7: else

8: mark Sn as interesting;

9: end if

10: end if

11: for all e
′

∈ Se such that e
′

connects n do

12: coalesce(e
′

, Se, Te, Sn);

13: end for

14: end for
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and 2). Since we are trying to connect all interesting nodes, the algorithm stops when

Ni ≤ 1 (lines 4 to 6). The rest of the algorithm aims at coalescing each group of nodes

in Nb linked by interesting edges into one node. We first construct Se (line 7) to initially

contain all the interesting edge references. For each remaining edge e picked from Se (line

8), we construct a group node reference set Sn (line 9) and group edge reference set Te (line

10). A colaesce() function listed in Algorithm 14 is then invoked to coalesce nodes that e

connects. In Algorithm 14, we first move e from the interesting edge reference set Se to the

corresponding group edge reference set Te (line 1). Then for each node n, which is in Nb

but not Sn and which e connects to (line 2), we add it into the corresponding group node

reference set Sn (line 3). If n is an interesting node (line 4) and Sn is already marked as

interesting (line 5), then we know that n is not the first interesting node in Sn, thus we can

reduce the number Ni of interesting node reference sets by 1 (line 6). If Sn is not yet marked

as interesting, we need to simply do so (line 8). We then recursively invoke Algorithm 14

for all other edges in Se that are connected to n (lines 11 to 13). It is conceivable that Se,

Te and Sn may all change as a result of this coalescence process. Going back to Algorithm

13, code in lines 12 through 31 aims at picking a node from each group as the proxy for the

whole group during the incremental expansion phase (step 3). To achieve this, we pick out

the first node ng found in Sn (line 12) and convert it to a group node (line 13). Lines 14

through 19 converts ng to a nucleus node and marks corresponding edges in the global edge

set Ea as already connected. Lines 21 through 31 makes ng a surrogate node for all the other

nodes in the same group. In line 33, we also convert interesting nodes (e.g., t in Figure 4.9)

that are not group nodes into nucleus nodes.

Managed expansion described in step 3 is achieved via Algorithm 15. The algorithm first

checks whether there is only one interesting node and it should simply stop (lines 1 to 3). If

there are more than one interesting node, it constructs Tn, used to keep track of all visited

nodes, to initially contain all nucleus nodes (lines 4 and 5). The rest of the algorithm then

incrementally expands all the nuclei until they are all connected (line 8 as Ni - 1 edges are

needed to connect Ni nuclei) or when all nodes in the graph have been visited (line 26). In

addition, we use variable progress (lines 7, 9 and 12) to keep track of the progress of graph

expansion and stops algorithm if no progress has been made during the last iteration (line

8). A distance variable d is used to manage the incremental expansion. As the expansion

progresses, each of the encountered nodes is checked to see whether its distance attribute is

already set. If this is not set (line 14), then the node must be a newly encountered node and

the algorithm sets the distance (line 15), tags it as belonging to the same nucleus group (line

16) and indicates that the node has been visited by adding it into Tn (line 17). If the node

is a previously visited node (line 18) and it is associated to a nucleus group different from
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Algorithm 15 Grow Interesting Subgraphs
Input: Global edge set Ea in composition graph, global node set Na in composition graph, global

edge references set Eb, global node reference set Nb, number of interesting node references Ni, and

temporary node reference set Tn

Variables: distance d, set of paths Sp connecting nucleus nodes, progress indication

progress

1: if Ni = 1 then

2: return;

3: end if

4: create Tn;

5: add all nucleus nodes to Tn;

6: d = 1;

7: progress = true;

8: while Sp.size < Ni − 1 and progress = true do

9: progress = false;

10: for all nu ∈ Tn such that nu.distance = (d− 1) do

11: for all e ∈ Eb such that e connects to nu do

12: progress = true;

13: identify the other node n that e connects to;

14: if n.distance is not set then

15: n.distance = d;

16: n.nucleus = nu.nucleus;

17: Tn.add(n);

18: else

19: // Found a potential merge point

20: if n.nucleus 6= nu.nucleus then

21: if e 6∈ Sp then

22: mark as connected the edge in Ea that e refers to;

23: connectPathToNucleus(Tn, nu);

24: connectPathToNucleus(Tn, n);

25: Sp.add(e);

26: if Sp.size() = Ni − 1 or Tn.size() = Eb.size() then

27: return;

28: end if

29: end if

30: end if

31: end if

32: end for

33: end for

34: d++;

35: end while
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Algorithm 16 Connect Path to Nucleus
connectPathToNucleus(Tn, n1)

Input: Global edge set Ea in composition graph

Variables: Distance d1, node n2 and edge e12

1: d1 = n1.distance;

2: while d1 > 0 do

3: if n1 is a group node then

4: mark as connected all interesting edges in Ea referred to by nodes in the group;

5: end if

6: for all n2 ∈ Tn such that n2.d = d1 − 1 do

7: find edge e12 connecting n1 and n2;

8: mark as connected the edge in Ea that e12 refers to;

9: n1 = n2;

10: break;

11: end for

12: d1- -;

13: end while

the current one (line 20), then a merge point (see Figure 4.9) is potentially encountered. To

be sure, the algorithm checks whether the edge extending to the node just encountered has

already been visited (line 21). If not, it marks the corresponding edge in Ea as connected and

then invokes connectPathToNucleus(), indicates that the edge has been visited by adding it

into Sp (line 25), and checks whether the stop criteria (line 26) have been met. Algorithm 16

lists the algorithm used in connectPathToNucleus() to mark all edges from the encountered

node and leading to the corresponding nucleus node as connected. The traversal of a group

node (line 3) would trigger additional expansion (line 4) that would mark all interesting

edges in the corresponding group also as connected.

Complexity Analysis of Graph Expansion Algorithms

We now analyze the complexity of our algorithms (Algorithms 13, 14, 15 and 16) for estab-

lishing the fully connected graph. Table 4.5 lists relevant variables used in our complexity

analysis.

In Algorithm 13, line 7 has a factor of E × Re. If we use T
(i)
coalesce to denote the time

it takes for the ith iteration of function coalesce(), then lines 8 through 32 have a factor of

E×Re×(T
(1)
coalesce+N×Rn×C× logE), where T

(1)
coalesce can be calculated based on Algorithm
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Variables

N Number of nodes in the network

C Average number of connections per node

E Number of edges in the network = C ×N

Rn Rate of “interesting” nodes

Re Rate of “interesting” edges

d Average depth of recursion for coalesce()

T
(i)
coalesce Time for ith iteration of coalesce()

T1 Time for coalescing interesting nodes

Tctn Time for connectPathToNucleus()()

T2 Time for growing subgraph

T Total time

Table 4.5: Symbols and Parameters

14 as:

T
(1)
coalesce = O[logN × log(N ×Rn) + E ×Re + C × T

(2)
coalesce]

≈ O[Cd × E ×Re]

In fact, as coalesce() is being called recursively the size of Se gets smaller and smaller. Thus,

while we are rounding off less significant terms in the calculation for T
(1)
coalesce, we are also

being conservative in using a steady size for Se for simplicity. Consequently,

T1 = O[E ×Re + E ×Re × (T
(1)
coalesce + N ×Rn × C × logE)]

= O[C ×N ×Re + C ×N ×Re × (T
(1)
coalesce + N ×Rn × C × log(C ×N))]

≈ O[(Cd+2 ×R2
e + C2 ×Re ×Rn × logN)×N2]

We now calculate T2 for Algorithm 15. Starting with line 5, we see that it has a factor of

N × Rn. Line 8 will be executed on average a number of times equivalent to the expansion

depth, which is N
N×Rn

. Line 10 has a factor of N . Line 11 has a factor of C. Line 20 has a

factor of logE. Finally, Tctn from connectPathToNucleus() has a factor of N . Thus T2 can

be calculated using:

T2 = O[
N

N ×Rn
×N ×Rn × C × logE ×N)]

= O[N × C × log(C ×N)×N ]

= O[C ×N2logN ]
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As a result,

T = T1 + T2 ≈ O[(C2 ×Re ×Rn + C)×N2logN + Cd+2 ×R2
e ×N2]

Complexity Simulation of Graph Expansion Algorithms

We conducted experiment to simulate the performance of our graph expansion algorithms.

Since these algorithms are generic and independent of whether nodes represent entities,

services or operations, we decided to configure our simulation to start with a network of N

generic nodes, each has an Rn chance of being picked as an interesting node. We control

the connection density by varying Coutbound representing the average outbound connections

a node has and which is statistically equivalent to C
2
. Each edge also has an Re chance

of being identified as interesting. Figure 4.10 shows the relationship between the time it

takes to establish fully connected graphs for interesting nodes and the number of nodes that

a graph network has. For legend purpose, we use Rn/Re to differentiate the results. We

see that when the average number of outbound connections per node Coutbound is small, the

corresponding time the graph expansion takes is relatively small and the functional curves

are all tightly bundled together. As Coutbound increases, these curves tend to diverge more

and the time the graph expansion takes also increases.
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Figure 4.10: Graph Expansion: Processing Time vs. Number of Nodes

Figure 4.11 shows the processing time as a function of the number of outbound connections

Coutbound for different values of Re and N . Note that when Coutbound = 0, there is no edges

in the network. Consequently, the total processing time is practically 0.
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Figure 4.11: Graph Expansion: Processing Time vs. Number of Outbound Connections per

Node

4.3.3 Verification and Predictive Analysis via Runtime Simulation

Potentially composable Web services are identified in the screening phase based on ontologies,

which contain static information about the semantics of those services. Such composability

may not survive the dynamic runtime configuration that contains realistic external conditions

and inter-dependencies among service operations. For example, a biological Web service

may specify conditions necessary to enable or disable a biological process. These conditions

may include temperature, parameter locale and quantity, kinetic energy, etc. Figure 4.12

illustrates that external conditions such as the surrounding temperature and light may play

an important role in the establishment of a pathway. It also shows that the inter-dependencies

among service operations can be due to parameter quantity, kinetic energy, accumulation

and dissipation rates. For example, in order for pathway segment EntityX : OperationA→

EntityY : OperationB to be established, the initial amount of substance p generated by

operation A from entity X should be greater than what is needed by operation B from entity

Y or p’s accumulation due to operation A’s contribution exceeds its dissipation such that

enough amount of p needed by operation B can be accumulated. In addition, for such a

pathway to be established, the quantity and the kinetic energy of p, which might be boosted

by the surrounding temperature or light before it dissipates may both need to be within a

certain range.

While it may not be feasible to account for the external conditions and operation inter-

dependencies during the screening phase since they would force it to become too selective and
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Figure 4.12: Operation Recognition Dynamics

computationally more expensive, they need to be considered in the evaluation phase to ensure

that the composition leads identified in the screening phase really exist. The verification of

composition validity can be carried out using a simulation environment, where functions

of corresponding Web services can be invoked in the order as identified in composition

flow networks. A composition lead identified in the screening phase indicates the potential

possibility of a composition based on service and operation recognition. Verification aims

at determining if segments of an identified composition flow network can indeed be enabled

with a chain of relevant conditions.

The second important aspect of runtime simulation is its ability to support predictive anal-

ysis. Based on composition flow networks established from the screening phase and later

highlighted in the interactive hypothesis formulation sub-phase, the user may attempt to

conjecture a certain outcome from indirect relationships that are derived from the way the

composition flow network is laid out. Section 5.3.6.9 outlines our simulation strategies that

can be used to test out corresponding hypotheses in the case of pathway discovery.

4.3.4 Subjective Evaluation

In addition to objective measures for both interestingness and usefulness, user evaluating

these aspects of a service composition may choose to use subjective measures. The reference

base of such measures may be personal knowledge, belief, bias and needs. Unfortunately,

approaches based solely on subjective measures tend to inhibit us from getting interesting

and useful compositions that were not thought of. An extreme case of relying on subjective

measures to carry out Web service mining is the traditional composition approach where

the user issues a query specifying the composition in pursuit to start the search process.
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Inspired by the drug discovery process, we rely on objective measures to first reduce the can-

didate population in an automatic fashion. More expensive and time consuming subjective

evaluation can then be carried out in a much smaller pool for final determination.

We described our strategy in Section 4.3.2.1 for identifying and highlighting interesting seg-

ments within a composition network. These segments are presented to the user as visual aids

for focusing on parts of the network that might lead to the identification of ultimately use-

ful composition networks. Based on these visual aids and subjective interestingness and/or

usefulness criteria, the user may then select a subset of nodes representing service, operation

and parameters within the composition network for further exploration. We also presented

algorithms in Section 4.3.2.2 for linking interesting segments and nodes into a fully connected

graph, which can be presented to the user for hypothesis formulation. Simulation described

in Section 4.3.3 can then be carried out to test out these hypotheses. Simulation results will

be presented to the user, who can then correlate them with the hypotheses made earlier to

see if such hypotheses can be either confirmed or rejected. Based on such analysis, the user

may then make the ultimate determination as to whether the composition network under

investigation is really useful. In Section 5.3.6.9, we analyze our simulation results from a

real example.



Chapter 5

Application: Biological Pathway

Discovery

In this chapter, we attempt to apply our service mining framework to the discovery of

biological pathways. In Section 3.6, we introduced various entities inside a eukaryotic cell,

as shown in Figure 3.6. These entities all have attributes and behaviors. The behaviors are

manifested through entities’ interactions with one another and the surrounding environment.

Such interactions are the foundations for many of the pathways that are essential to the well

being of our body. A biological pathway is a series of molecular interactions and reactions

[18]. Biological pathways have traditionally been discovered manually based on experimental

data such as gene expression data from microarrays, protein-protein interaction data from

large-scale screening, and pathway data from previous discoveries. As a whole, biological

pathways form the bridges that link much of the diverse range of biological data into a logical

picture of why and how human genes and cells function the way they do. Disturbances and

alterations in many of these pathways are also expected to be linked to various diseases.

The amount of data capturing biological entities and processes at various levels has recently

increased manifold due to worldwide research projects in genomics, epigenomics and pro-

teomics. Although these projects have begun answering many questions regarding how the

human biological machinery works, much of the gold mine of biological information gener-

ated from these projects is still unexplored to a large extent: critical links hidden across

various lab results are still waiting to be identified; isolated segments of potentially more

comprehensive pathways are yet to be linked together. While early exposure of these hid-

den pathway linkages is expected to deepen our understanding of how diseases come about

and help expedite drug discovery for treating them, it is now obvious that the complexity
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and enormity of information involved in the exposure of such hidden linkages may be too

overwhelming for an unaided human mind to comprehend [57]. As a result, such exposure

often requires the use of mining tools, which help elicit new knowledge and hypotheses by

examining “a large corpus of old information” [92]. Unfortunately, approaches taken today

for representing biological data focus on either pathway identification or pathway simula-

tion, but not both. This consequently makes it difficult to devise effective mining tools.

There are currently two major approaches used to represent biological entities: free text

based description and computer models.

5.1 Free Text Based Description

Free text based approaches are mostly targeted at human comprehension. They use free

text annotations and narratives [32, 30] to describe attributes and processes of biological

entities and store them in various databases (e.g., GenBank [77], DIP [94], KEGG [64, 60],

Swiss-Prot [9], and COPE [55]). A major disadvantage with these annotations and narratives

is their lack of structure and interfaces. These are required for a computer application to

“understand” the various concepts and often complex relationships among these concepts.

Although several Natural Language Processing (NLP) approaches (e.g., [78, 42, 70, 88]) have

been devised for the purpose of pathway identification, due to the limitation of static free

text-based representation of biological data that these approaches target, they inherently

lack the capability of verifying the validity and supporting ‘what-if’ analyses of identified

pathways through computer-based simulation.

5.2 Computer Models

A computer model of a biological entity can be created based on lab discoveries and hy-

potheses. Such models can be both expressive (for human comprehension) and structured

(for computer consumption) and thus provide a better alternative to free-text annotations.

They can be understood by a human through their visual representations and by a com-

puter through their constituent constructs. A major advantage of computer models is their

readiness for execution with their inherent processes. By executing processes of computer

models in a simulation, we expect to verify the validity of previously identified pathways

linking real biological entities as represented by these models. When their processes are

expressed as a function of surrounding conditions (e.g., availability of nutrients and energy),
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computer models would also have the inherent capability of responding to perturbations in

these conditions, making it possible to study the effects of the perturbations on the pathways

to the extent allowed by these models. Computer models have been pursued in [2], [3], [28],

[31], [36], [44] and [62]. Worth particular mention among these models is the work done by

Cardelli [31]. Cardelli took an information science perspective in modeling biological systems

and processes. He categorized four large classes of macromolecules in a cell as the following

chemical toolkits:

• Nucleic acids, including RNA as lists and DNA as doubly-linked lists.

• Proteins, whose surface features determine their functionalities. As data structures,

proteins are modeled as records of features or objects in object-oriented programming

sense.

• Lipids, among which the membranes were studied. As data structures, membranes are

modeled as containers with an active surface that acts as an interface to its contents.

• Carbohydrates, among which oligosaccharides were studied. As data structures,

oligosaccharides are models as trees.

These toolkits are then treated as abstract machines with states and operations. While

limiting due to its fictional interpretations, these abstract machines are grounded in realistic

biological systems and thus provides a certain degree of confidence in understanding the

higher principles of biological organization. The Gene Machine (better known as Gene

Regulatory Networks) performs information processing tasks within the cell. It regulates

all other activities, including assembly and maintenance of the other machines, and the

copying of itself. The Protein Machine (better known as Biochemical Networks) performs

all mechanical and metabolic tasks, and also some signal processing. The Membrane Machine

(better known as Transport Networks) separates different biochemical environments, and also

operates dynamically to transport substances via complex, discrete, multi-step processes.

However elaborate they might be, these above models are usually constructed to simulate

entities in an isolated local environment (as compared to the global Web environment),

limited to the study of known pathways (e.g., cell death, growth factor activated kinase in

BPS [2]), and lack the ability to facilitate the discovery of new pathways linking models that

are independently developed.
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5.3 A Service Oriented Modeling and Deployment Ap-

proach

We propose to model and deploy biological entities and their processes as Web services to

bridge the gap between the above two representation approaches. Using this strategy, biolog-

ical processes are modeled as Web service operations and exposed via standard Web service

interfaces. An operation may consume some input substance meeting a set of preconditions

and then produce some output substance as a result of its invocation. Some of these input

and output substances may themselves carry processes that are known to us and thus can

also be modeled and deployed as Web services. Domain ontologies containing definition of

various entity types would be used by these Web services when referring to their operation

inputs and outputs. This service oriented process modeling and deployment strategy opens

up new interesting possibilities. First, like existing natural language processing approaches,

it allows us to use service mining tools to proactively and systematically sift through Web

service description documents in the service registry for automatic discovery of previously

hidden pathways. Second, it brings about unprecedented opportunity for validating such

pathways right on the Web through direct invocation of involved services. This second capa-

bility also makes it possible to carry out simulation-based predictive analyses of interactions

involving a large number of entities modeled by these services. When enough details are

captured in the service process models, this in-place invocation capability presents an inex-

pensive and accessible alternative to existing in vitro and/or in vivo exploratory mechanisms.

In the presence of a large amount of biological information already made available in many

formats from various sources, the adoption of this approach will undoubtedly incur an initial

cost. However, this cost is only one-time and will be relatively trivial compared to the on-

going development cost of various coupling mechanisms required between applications and

limited potential such coupling mechanisms can offer.

We present in this section how we describe biological processes in WSDL/WSML and deploy

them as Web services [109] using WSMX. We then apply our service mining framework

to Web service models of biological processes and present pathway networks discovered in

our experiments. We start by describing the conceptual service oriented models of these

processes.
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5.3.1 Conceptual Service Oriented Models

We compiled a list of process models based on [7], [23], [47], [54], [65] and [104]. In addition

to describing process models, these sources also reveal some simple relevant pathways that

can be manually put together. We show examples of process models and corresponding

simple pathways in Figure 5.1.

Multiple examples of promotion, inhibition and indirect recognition can be found in these

simple pathways. For example, Figure 5.1 (a) shows that 15 LO provides an operation

called produce LXA4, which promotes the service of LXA4. Figure 5.1 (d) shows that upon

injury, LTB4 recruits Neutrophil, promoting its service of producing COX2. Figure 5.1 (j)

shows that Gastric Juice’s service can inhibit the services of both Stomach Cell and Mucus.

Examples of indirect recognition can be found in Figure 5.1 (i), where PLA2’s service can

liberate Arachidonic Acid, which can in turn be used as input to the produce PGG2 operation

of COX1’s service or the produce PGE2 operation of the COX2 service. Examples of pre- and

post-conditions can be found in Figure 5.1 (h), where NF-κB/Rel when not phosphorylated

can translocate from cytoplasm to cell nucleus, where it can stimulate proinflammatory gene

transcription. NF-κB/Rel’s service, however, may be inhibited by the IκB service if NF-

κB/Rel is bound by its corresponding operation when IκB is not phosphorylated. We use

process models such as those in Figure 5.1 as references when developing WSDL and WSML

Web services in Sections 5.3.3 and 5.3.4. We also use simple pathways manually constructed

as references when we check the correctness of pathways automatically discovered in Section

5.3.6.8 using our mining algorithms.

5.3.2 WSDL/WSML Description and Deployment

In this section, we present an overview of our service representation strategy and deployment

environment. Figure 5.2 depicts the runtime infrastructure used to support the execution of

various components. First, we model the actual process details for each type of biological

entity as a WSDL [13] service and deploy these services using a Jetty Web server [6] (Section

5.3.3). Next, we expose the semantic interface (i.e., ontological types of operation input

and output, pre- and post-conditions) of each WSDL service using Web Service Modeling

Language (WSML) [10] as a Semantic Web service (Section 5.3.4). These WSML services

are then deployed and discovered at runtime using the Web Services Modeling eXecution

environment (WSMX) [14]. A WSMX engine is used to host the WSML services. It provides

runtime interfaces to our service mining client, which aims at the discovery of interesting

pathways linking relevant WSML services. Both lowering and lifting adapters (Section 5.3.5)
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Figure 5.1: Examples of Conceptual Process Model and Simple Pathway
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Figure 5.2: Service Representation and Runtime Infrastructure

are provided by the mining client to convert ontological entity instances used by WSML

services to/from SOAP messages used by WSDL services.

5.3.3 WSDL Service Modeling of Biological Processes

We first define an XML schema (Figure 5.3) containing generic types such as InputSubstance,

OutputSubstance and BooleanResponse. These types are intended to be used by biological

process models to represent their input and output substances. For example, type Output-

Substance contains information about an output substance type, location and an generic

boolean flag that can be used for passing additional information (e.g., the output of activate

IKK-β in Figure 5.1 (a) would have this flag set as activated). In some cases, an operation

may simply return a boolean response indicating whether the corresponding process repre-

sented by the operation has been invoked successfully. The XML schema is then run through

an xjc [5] compiler to generate corresponding bean classes. We define each process model

with a Java class based on these bean classes. Using Axis2 [1] running inside a Jetty Web

server [6], these Java classes are exposed as WSDL Web services at runtime.
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Figure 5.3: Schema for WSDL Services

5.3.4 WSML Service Wrapping of WSDL Service

Although the internal details of biological processes can be modeled as WSDL Web ser-

vices, WSDL itself does not provide elaborate mechanism for expressing the pre- and post-

conditions of service operations. WSDL also lacks the semantics needed to unambiguously

describe data types used by operation input and output messages. We choose WSML [10]

among others (e.g., OWL-S [19], WSDL-S [16]) to fill this gap due to the availability of

WSMX, which supports the deployment of ontologies and Web services described in WSML.

We categorize biological entities within our mining context into several ontologies. These

include Fatty Acid, Protein, Cell, and Drug. They would all refer to a Common ontology

containing generic entity types such as Substance, the root concept of all entity types. We

use UnknownSubstance as a placeholder for process inputs that are not fully described in

the literature. We also create a Miscellaneous ontology capturing definitions of entity types

found in the literature that don’t seem to belong to any domain. For illustration purposes,

we show the common ontology in Figure 5.4 and the protein ontology in Figure 5.5.

Using these ontologies, we then wrap the semantic interfaces of existing WSDL services

as WSML services. WSML supports the descriptions of pre- and post-conditions in the
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Figure 5.4: The Common Ontology of Entity Types

capability section and the ontological type description in the interface section. Figure 5.6

gives an example of each for the NF kappaB Rel service. The capability section states for the

precondition that the input entity instance named nfkbr should be of type NF kappaB Rel

(defined in the protein ontology). In addition, nfkbr’s locale should be cytoplasm and it

should not be phosphorylated. The interface section states that input entity NF kappaB Rel

has grounding with the input parameter of operation translocate of the corresponding WSDL

service. The output from the WSDL service operation should be mapped to NF kappaB Rel

as defined in the protein ontology.

To work with WSML, we have made slight adaptations to our screening algorithms so they

can be applied directly to WSML services. First, we add a provider property in the non

functional properties (nfp) section of each WSML service to indicate the corresponding

ontological type of an entity that can provide the service. We use this information in our

algorithms to establish the relationship between a service providing entity and the service

it provides. Second, we add a modelSource property in the nfp section to indicate the

source information that the model is based on. This information allows our algorithms to

automatically identify interesting pathway segments within a discovered pathway network.

Third, we add a providerConsumable property in the nfp section to indicate whether the

service providing entity should be consumed along the invocation of its operation. For
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Figure 5.5: The Protein Ontology

example, in order for mucus (Figure 5.1 (j)) to cover the wall of the stomach, the mucus itself

will have to be consumed. Finally, our validation algorithm has been customized to work with

the service interrogation APIs of the WSMX runtime library (Figure 5.2) for determining

the overlap between the postcondition of a source operation and the precondition of a target

operation. Unfortunately, WSML allows for the specification of pre- and post-conditions for

only an entire service, but not its individual operations. Thus we have to split services that

each originally has multiple operations into several services (e.g., NF kappaB Rel 1 Service

and NF kappaB Rel 2 Service) so that different conditions can be individually specified for

these operations. We use the name of these services to keep track of their relationship and

use that information to merge these services towards the end of the screening phase.
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Figure 5.7: Adapter Ontology for Lifting Adapter

5.3.5 Lowering and Lifting Adapters

When a WSML service is to be invoked, a lowering adapter (right end of service mining client

at the bottom of Figure 5.2) is used to parse out the attribute values of the input entity

and package them into a SOAP message, which is in turn used to invoke the corresponding

WSDL service. Upon receipt of the return SOAP message from the WSDL service after its
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invocation, a lifting adapter is used to parse from it attribute values that are subsequently

used to create an instance of an ontological entity type as specified in an adapter ontology.

We show in Figure 5.7 the adapter ontology used to provide the mappings for such conversion.

As an example, the adapter ontology states that the AA field in the return SOAP message of

the liberateAA operation of the corresponding WSDL service should be mapped to concept

Arachidonic Acid defined in the fatty acid ontology. In addition, the location field should be

mapped to the locale attribute, the amount field should be mapped to the quantity attribute,

and the flag field should be mapped to the activated attribute. Using this mechanism, an

entity instance (e.g., liberated arachidonic acid in Figure 5.1 (i)) created after the invocation

of a WSML service operation (e.g., liberateArachidonicAcid of the PLA2 Service) can be

instantiated accordingly and in turn used as an input to another WSML service operation

(e.g., producePGG2 of the COX1 Service).

5.3.6 Experiment

In this section, we describe an end-to-end example of how we apply our service mining frame-

work to the discovery of pathways linking service-oriented biological processes. Figure 5.8

shows our testbed infrastructure. Using this testbed, the development of our experiment in-

volves eight steps: WSDL service development, Ontology development, WSML service devel-

opment, WSML service invocation, Scope specification, Focused library generation, Screening,

and Evaluation. We describe in detail each of these steps in the following sections.

5.3.6.1 WSDL Service Development

A collection of WSDL Web services are developed and deployed using a Jetty Web

server as described in Section 5.3.3. For the experiment, the Jetty Web server runs

on a Windows XP machine registered as servicemining.org and exposes all the WSDL

services through port 8001. Thus, a request for the COX1 WSDL service through

http://servicemining.org:8001/COX1?wsdl returns the content of the service as shown in

Figure 5.9. We show in Figure 5.10 the Java class used by Axis2 [1] running inside the Jetty

Web server to generate the WSDL service for COX1. Note that both InputSubstance and

OutputSubstance used for the type of operation input and output parameters are defined

in Figure 5.3. Along with the COX1 service, 24 other WSDL services are also deployed in

the same fashion. Table 5.1 lists all the WSDL services used in our experiment with their

operations, corresponding input and output parameters, and a simple description of logic

used in the operation. We use default to denote default operation logic that can be derived



G. Zheng Chapter 5. Application: Biological Pathway Discovery 93

æçæèéêëìíîï
ðñòóôõñ öô÷ñòçæøùúûêëûé

üûíýþýêëéì ÿýûíé�í�ý��ìé��ë�î�îï
�ý��ìé��ë�î�îï�éûéî�íýî

æ�îééûëûêæéî	 ë�éÿý
�ýìëíëýû�é��ì
�ëþíéîëûê æí�íë��éîë
ë��íëýû �éîë
ëé�ÿý
�ýìëíëýû�é��ì

�é��ÿý
�ýìëíëýû�éí�ýî�ì�ëû�ëûê
ïú� �î���èéû�éîëûêú	�þ��íëýû

ü��é�í ë	éú	�þ��íëýû �î���ø�� ëí��ûíéîéìíëûê ú�êéì
�î���ú���ûìëýû �î���ø�� ëí��ûíéîéìíëûêÿý
�ýìëíëýû �þý�

æë
�þ�íëýûçæ��æéî	 ë�é�éííï æéî	éî �ë
íëûê����íéî�ý�éîëûê����íéî çæø�æéî	 ë�é�û	ý��íëýû æéî	 ë�éúûíëíïúûíëíï ÿýûí� ëûéîèéê�þ�îúûíëíï
çæø�æéî	 ë�éì

������������ !� "�#�$�� �%
& '

()
*

+
,-. ,-/ ,-0

1-.
1-/1-0

2

êîý�û�ëûê

çæø3
4 #! 5�6# 789:;<=>9? @<A<@<BC<

Figure 5.8: Testbed Infrastructure

using the following rules:

• If the returned object is to be of type OutputSubstance, then the default logic is to set

the location and amount attributes to be equal to those used for in the input object.

• If the return object is to be of type BooleanResponse, then the default logic is to check

whether the type attribute of the input object is the same as expected. If so, set the

result attribute of BooleanResponse to true. Otherwise, set it to false.

We list for each operation in the third column of Table 5.1 the expected value for the type

attribute.
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Figure 5.10: Java Class Used to Generate COX1 WSDL Service
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Service Operations InputSubstance

Attribute type

OutputSubstance

Attribute type or

BooleanResponse

Operation Logic

15 LO produceLAX4 UnknownStuff LXA4 set output location to inflammation

Aspirin acetylateCOX1 COX1 BooleanResponse default

acetylateCOX2 COX2 BooleanResponse default

bindIKK beta IKKBeta BooleanResponse default

Blood circulatePGH2 ProstaglandinH2 ProstaglandinH2 set output location to endothelium

Brain processPain Pain Relief set output location to brain

COX1 producePGG2 ArachidonicAcid ProstaglandinG2 set output location to platelet

COX2 producePGE2 ArachidonicAcid ProstaglandinE2 default

GastricJuice erodeStomachCell StomachCell StomachCell If input is covered by mucus, flag

output as not covered. Otherwise,

set the amount of output to 0

depleteMucus Mucus BooleanResponse default

IkappaB bindNFkappaBRel NFkappaBRel BooleanResponse default

IKK beta phosphorylateIkappaB IkappaB BooleanResponse default

LPS activateIKKBeta IKKBeta IKKBeta set output as activated

LTB4 recruitNeutrophil Neutrophil Neutrophil flag locale of output as injured

inciteInflammation UnknownStuff BooleanResponse default

LXA4 suppressInflammation UnknownStuff BooleanResponse default

Mucus coverStomachWall StomachCell StomachCell flag output as covered

Neutrophil produceLTB4 A23187 LTB4 default

produceCOX2 UnknownStuff COX2 flag output as not acetylated

NFkappaBRel translocate NFkappaBRel NFkappaBRel set output location to nucleus

stimulatePGTranscription NFkappaBRel BooleanResponse default

Nociceptor sensePain Nociceptor Pain set output location to inflammation

transmitPain Pain Pain set output location to spinal cord

senseRelief Relief BooleanResponse default

Peroxidase producePGH2 ProstaglandinG2 ProstaglandinH2 default

PGE2 induce15LO UnknownStuff 15 LO set the amount of output to 10% of

that of input

bindNociceptor Nociceptor Nociceptor flag output as bound

PGI2 suppressPlateletAggregation UnknownStuff BooleanResponse default

PGI2Synthase producePGI2 ProstaglandinH2 ProstaglandinI2 default

PLA2 liberateArachidonicAcid AA AA flag output as liberated

SpinalCord transmitPain Pain Pain set output location to brain

transmitPainRelief Relief Relief set output location to spinal cord

StomachCell produceMucus ProstaglandinI2 Mucus default

TBXAS1 produceTxA2 ProstaglandinH2 TxA2 default

TxA2 vasoconstriction UnknownStuff BooleanResponse default

Table 5.1: Descriptions of WSDL Services

5.3.6.2 Ontology Development

A collection of ontologies in WSML are developed as described in Section 5.3.4 and validated

using the WSMX engine. Figure 5.11 shows WSMT [12] rendering of ontologies used in our

experiment. These include: CommonOntology, DrugOntology, ProteinOntology, NervousSys-
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temOntology, FattyAcidOntology, CellOntology, and MiscOntology. Note the inheritance (i.e.,

subConceptOf relationship between various concepts as graphically depicted with an arrow.

To facilitate instance discovery, we also instantiated entities for many of the concepts. These

are labeled with lower case names and are always at the leaf node positions. Table 5.2 shows

ontological concepts that have attributes not included in the WSMT rendering. Since many

of the ontological concepts are subConceptOf Substance in the CommonOntology, they all

inherit the locale and quantity attribute from Substance. For our experiment, we place all the

ontology WSML files under a directory on the same machine hosting the WSMX engine. We

specify the location of the ontology folder with the wsmx.resourcemanager.ontologies variable

in the config.properties file for the WSMX. Upon startup, WSMX uses the above variable

to find these ontologies and load them into the runtime environment. During startup, the

WSMX checks whether there are problems within these ontologies. WSMX Ontologies can

also be loaded (or hot deployed as depicted in Figure 5.8) into a running instance of WSMX

through WSMT. However, we did not use that feature in our experiment.

Ontology Concept Attribute Attribute Type

CommonOntology Substance locale string

quantity decimal

UnknownSubstance localeInjured boolean

Bool result boolean

Signal locale string

ProteinOntology NF kappaB Rel phosphorylated boolean

I kappaB phosphorylated boolean

COX acetylated boolean

IKK beta activated boolean

NervousSystemOntology Nociceptor isBound boolean

FattyAcidOntology Arachidonic Acid liberated boolean

localeInjured boolean

MiscOntology A23187 localeInjured boolean

Table 5.2: Attributes of Ontological Concepts

5.3.6.3 WSML Service Development

A collection of WSML services are developed as described in Section 5.3.4, where an example

of WSML service is given in Figure 5.6. As indicated in Figure 5.8, WSML services relies

on ontologies to define the type of their operation input and output parameters. Tables 5.3

and 5.4 list all the WSML services used in our experiment with the following information:

• Service name. Note that in order to address the limitation of WSML that allows the

specification of pre- and post-conditions for only the whole service, we break some
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Figure 5.11: Ontologies Rendered in WSMT
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Service nfp capability precondition postcondition in out

15 LOService a/false productLAX4 default default Unknown

Substance

LXA4

Aspirin 1 Service e/false acetylateCOX1 ?cox1 memberOf COX1[

acetylated hasValue ?a] and

(?a = false).

default COX1 Bool

Aspirin 2 Service e/false acetylateCOX2 ?cox2 memberOf COX2[

acetylated hasValue ?a] and

(?a = false).

default COX2 Bool

Aspirin 3 Service e/false bindIKK beta default default IKK beta Bool

BloodService k/false circulatePGH2 default default PGH2 PGH2

BrainService l/false processPain ?ps memberOf PainSignal[ lo-

cale hasValue ?l] and (?l =

”brain”).

?rs memberOf ReliefSig-

nal[locale hasValue ?l] and

(?l = ”brain”).

PainSignal ReliefSignal

COX1Service i/false producePGG2 ?aa memberOf Arachi-

donic Acid[ liberated has-

Value ?l] and (?l = true).

default Arachi

donic

Acid

PGG2

COX2Service i/false producePGE2 ?aa memberOf Arachi-

donicr Acid[ liberated

hasValue ?l] and (?l =

true).

default Arachi

donic

Acid

PGE2

GastricJuice 1

Service

j/false erodeStomach

Cell

default default Stomach

Cell

Stomach

Cell

GastricJuice 2

Service

j/false depleteMucus default default Mucus Mucus

I kappaBService h/true bindNF kappaB

Rel

?nfkb memberOf

NF kappaB Rel[ phos-

phorylated hasValue ?p] and

(?p = false).

default NF kappa

B Rel

Bool

IKK betaService f/true phosphorylateI

kappaB

?ikb memberOf I kappaB[

phosphorylated hasValue ?p]

and (?p = false).

default I kappaB Bool

LPSService b/false activateIKK

Beta

?ikkbeta memberOf

IKK beta[ activated has-

Value ?a] and (?a = false).

?ikkbeta memberOf

IKK beta[activated has-

Value ?a] and (?a = true).

IKK beta IKK beta

LTB4 1 Service d/false recruitNeutrophil ?neutrophil memberOf Neu-

trophil[ localeInjured has-

Value ?l] and (?l = false).

?neutrophil memberOf

Neutrophil[localeInjured

hasValue ?l] and (?l = true).

Neutrophil Neutrophil

LTB4 2 Service d/false incite inflam-

mation

default default Unknown

Substance

Bool

LXA4Service a/false suppress In-

flammation

?us memberOf UnknownSub-

stance[ locale hasValue ?l]

and (?l = ”inflammation”).

default Unknown

Substance

Bool

MucusService j/true coverStomach

Wall

?sc memberOf Stomach Cell[

coveredByMucus hasValue

?c] and (?c = false).

?sc memberOf Stomach Cell[

coveredByMucus hasValue

?c] and (?c = true).

Stomach

Cell

Stomach

Cell

Neutrophil 1

Service

d/false produceLTB4 ?neutrophil memberOf Neu-

trophil[ localeInjured has-

Value ?l] and (?l = true).

default A23187 LTB4

Neutrophil 2

Service

d/false produceCOX2 ?uks memberOf Unknown-

Substance[ localeInjured has-

Value ?l] and (?l = true).

default Unknown

Substance

COX2

Table 5.3: Descriptions of WSML Services (Part 1)
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Service nfp capability precondition postcondition in out

NF kappaB Rel

1 Service

h/true translocate ?nfkbr memberOf

NF kappaB Rel[ locale

hasValue ?l, phosphorylated

hasValue ?p] and (?l =

”cytoplasm”) and (?p =

false).

?nfkbr memberOf

NF kappaB Rel[ locale

hasValue ?l] and (?l =

”nucleus”).

NF kappa

B Rel

NF kappa

B Rel

NF kappaB Rel

2 Service

h/false stimulatePro-

inflammato-

ryGeneTran-

scription

?nfkbr memberOf

NF kappaB Rel[ locale

hasValue ?l] and (?l =

”nucleus”).

default NF kappa

B Rel

Bool

Nociceptor 1

Service

g/false sensePain ?nccpt memberOf Nocicep-

tor[ isBound hasValue ?b]

and (?b = true).

default Nociceptor PainSignal

Nociceptor 2

Service

g/false transmitPain ?ps memberOf PainSignal[ lo-

cale hasValue ?l] and (?l =

”inflammation”).

?ps memberOf

PainSignal[locale hasValue

?l] and (?l = ”spinal cord”).

PainSignal PainSignal

Nociceptor 3

Service

g/false senseRelief ?ps memberOf ReliefSignal[

locale hasValue ?l] and (?l =

”spinal cord”).

default ReliefSignal Bool

PeroxidaseService k/false producePGH2 default default PGG2 PGH2

PGE2 1 Service c/false induce 15 LO default default Unknown

Substance

15 LO

PGE2 2 Service c/true bindNociceptor ?nccpt memberOf Nocicep-

tor[ isBound hasValue ?b]

and (?b = false).

?nccpt memberOf Nocicep-

tor[isBound hasValue ?b] and

(?b = true).

Nociceptor Nociceptor

PGI2Service k/false suppressPlatelet-

Aggregation

default default Unknown

Substance

Bool

PGI2Synthase

Service

k/false producePGI2 ?pgh2 memberOf PGH2[ lo-

cale hasValue ?l] and (?l =

”endothelium”).

default PGH2 PGI2

PLA2Service i/false liberateArachi

donicAcid

?aa memberOf Arachi-

donic Acid[ liberated has-

Value ?li, locale hasValue

?lo] and (?li = false) and (?lo

= ”endoplasmic reticulum”).

?aa memberOf Arachi-

donic Acid[ liberated has-

Value ?l] and (?l = true).

Arachidon

ic Acid

Arachidon

ic Acid

SpinalCord 1

Service

l/false transmitPain ?ps memberOf PainSignal[ lo-

cale hasValue ?l] and (?l =

”spinal cord”).

?ps memberOf PainSignal[ lo-

cale hasValue ?l] and (?l =

”brain”).

PainSignal PainSignal

SpinalCord 2

Service

l/false transmitPain-

Relief

?rs memberOf ReliefSignal[

locale hasValue ?l] and (?l =

”brain”).

?rs memberOf ReliefSignal[

locale hasValue ?l] and (?l =

”spinal cord”).

ReliefSignal ReliefSignal

StomachCell

Service

j/false produceMucus default default PGI2 Mucus

TBXAS1Service k/false produceTxA2 ?pgh2 memberOf PGH2[ lo-

cale hasValue ?l] and (?l =

”platelet”).

default PGH2 TxA2

TxA2Service k/false vasoconstriction default default Unknown

Substance

Bool

Table 5.4: Descriptions of WSML Services (Part 2)
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of the services that have multiple operations so that pre- and post-conditions can be

individually specified. These service are later merged together based on their names.

• nfp information in the form of x/y where x is part of the the modelSource prop-

erty in the nfp section in the form of http://ServiceMining/x and corresponds to

the index in Figure 5.1), and y is a boolean flag in the nfp section in the form of

http://servicemining.org/y indicating whether the service provider is consumable dur-

ing operation invocation. For instance, Table 5.4 shows that NF kappaB Rel, the

provider for its corresponding service is consumable for the translocate operation but

not the stimulateProinflammatoryGeneTranscription operation.

• Capability name, i.e., operation name

• Precondition and postcondition expressed in WSMO axiom logical expressions [11].

For instance, the precondition of the translocate operation of NF kappaB Rel 1 Service

states that the corresponding parameter used during invocation is of type

NF kappaB Rel. Its attribute locale is equal to cytoplasm and its attribute phosphory-

lated is equal to false. Similarly, the postcondition of the same operation states that the

locale attribute has been changed to nucleus. The default for the two conditions listed

for some of the services simply checks whether the parameter used during invocation

is of the prescribed type.

• Ontological type for input and output parameters.

For our experiment, we place all the WSML files for services under a directory on the same

machine hosting the WSMX engine. We specify the location of the ontology folder with

the wsmx.resourcemanager.webservices variable in the config.properties file for the WSMX.

Upon startup, WSMX uses the above variable to find these services and load them into the

runtime environment. During startup, WSMX checks whether there are problems within

these WSML services. WSML services can also be loaded (or hot deployed as depicted in

Figure 5.8) into a running instance of WSMX through WSMT. However, we did not use that

feature in our experiment.

5.3.6.4 WSML Service Invocation

During the development of the WSML services, we took an incremental approach by indi-

vidually invoking each new pair of WSML and WSDL services to ensure that they have been

developed properly. Such invocation is realized with the help of both lowering and lifting
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adapters (Section 5.3.5). For example, after we have developed and deployed COX1Service,

we use a test program to first instantiate from FattyAcidOntology an entity instance of type

Arachidonic Acid with the following attributes:

locale = endoplasmic reticulum, quantity = 1, liberated = true

The test program then retrieves the running instance of COX1Service, passes both the above

entity instance and the service instance to a service invoker. The service invoker first looks

up the capability section of the service to see if the entity instance satisfies the precondition.

If so, it retrieves the grounding in the interface section of the WSML service. In this case,

it is:

http://servicemining.org:8001/COX1?wsdl#wsdl.interfaceMessageReference(COX1/producePGG2/in0)

The service invoker then gets from the grounding the operation name of the WSDL service,

producePGG2 in this case, and looks up what the corresponding type attribute is for In-

putSubstance, the input to the operation. For producePGG2, type = ArachidonicAcid. The

service invoker then calls a lowering adapter to package the input SOAP message to the

WSDL service operation based on values contained in the entity instance and subsequently

invokes the corresponding WSDL service operation. Figure 5.12 shows both the input and

output SOAP messages of the producePGG2 operation. Note that in addition to the trans-

lation from the ontological type of the entity instance being Arachidonic Acid to the type

attribute in the input SOAP message being ArachidonicAcid, the following translations have

also taken place in the lowering adapter: locale to location, quantity to amount, and liberated

to flag. For simplicity, the lowering adapter expects only one extra attribute of boolean type

and converts it to a generic boolean flag.

Based on the output SOAP message after the invocation of the WSDL service operation,

the service invoker relies on a lifting adapter, which looks up the adapter ontology shown in

Figure 5.7, to generate an entity instance of the corresponding ontological type, PGG2 in this

case from the bottom of Figure 5.7. In an end-to-end simulation, such an entity instance can

be used as either an input to another operation (e.g., producePGH2 of PeroxidaseService) or

an service providing entity if the ontological type corresponds to those that provide service(s).

5.3.6.5 Scope Specification

The scope specification (Section 4.1.1) of our service miner is a simple step involving grouping

a subset of the ontologies as the mining context. In our experiment, we included in the mining

context all seven ontologies as shown in Figure 5.11. In addition, no locale is explicitly



G. Zheng Chapter 5. Application: Biological Pathway Discovery 102¸¹º»¼ ½¾¿ÀÁÂÃÄÅÆÇÈÅ ¾ÃÉÂÊÁÃËÄÅÌÍÎÏÐÅ¹Ñ¸ÒÓÔÕÏÖ×Ø ÙÖÃ½¾¼ÂÚ¾ º»¼ÃÀÙÒÓÔÕÏÖ×ØÄÅÛÜÜÚÙÝÝÀÉÛ¾»ÞÀÇº»¼ÀÂÞÚÇÂ¿ËÝÀÂÞÚÝ¾Ã½¾¼ÂÚ¾ÝÅÑ¸ÒÓÔÕÏÖ×Ø Ùß¾ÞÊ¾¿ÝÑ¸ÒÓÔÕÏÖ×Ø ÙàÂÊáÑ¸âÈÙÚ¿ÂÊãÉ¾Õääå º»¼ÃÀÙâÈÄÅÛÜÜÚÙÝÝÀ¾¿½ÁÉ¾»ÁÃÁÃË ÇÂ¿ËÝÅÑ¸âÈ ÙÔ¿ÞÉÛÁÊÂÃÁÉÔÉÁÊÑ¸ÜáÚ¾ÑÔ¿ÞÉÛÁÊÂÃÁÉÔÉÁÊ¸ÝÜáÚ¾Ñ¸¼ÂÉÞÜÁÂÃÑ¾ÃÊÂÚ¼ÞÀ»ÁÉæ¿¾ÜÁÉã¼ã»¸Ý¼ÂÉÞÜÁÂÃÑ¸Þ»ÂãÃÜÑÆÇÈ¸ÝÞ»ÂãÃÜÑ¸ç¼ÞËÑÜ¿ã¾¸Ýç¼ÞËÑ¸ÝâÈÙÔ¿ÞÉÛÁÊÂÃÁÉÔÉÁÊÑ¸ÝâÈ ÙÚ¿ÂÊãÉ¾ÕääåÑ¸ÝÒÓÔÕÏÖ×Ø ÙàÂÊáÑ¸ÝÒÓÔÕÏÖ×Ø ÙÖÃ½¾¼ÂÚ¾Ñ¸¹º»¼ ½¾¿ÀÁÂÃÄÅÆÇÈÅ ¾ÃÉÂÊÁÃËÄÅÌÍÎÏÐÅ¹Ñ¸ÀÂÞÚ¾Ã½ ÙÖÃ½¾¼ÂÚ¾ º»¼ÃÀÙÃÀÆÄÅÛÜÜÚÙÝÝÀ¾¿½ÁÉ¾»ÁÃÁÃËÇÂ¿ËÝÅº»¼ÃÀÙÀÂÞÚ¾Ã½ÄÅÛÜÜÚÙÝÝÀÉÛ¾»ÞÀÇº»¼ÀÂÞÚÇÂ¿ËÝÀÂÞÚÝ¾Ã½¾¼ÂÚ¾ÝÅº»¼ÃÀÙºÀÊÄÅÛÜÜÚÙÝÝèèè ÇèéÇÂ¿ËÝåÈÈÆÝêëìÒÉÛ¾»ÞÅÑ¸ÀÂÞÚ¾Ã½ ÙàÂÊáÑ¸ÃÀÆÙÚ¿ÂÊãÉ¾Õääåí¾ÀÚÂÃÀ¾Ñ¸ÃÀÆÙÕ¿ÂÀÜÞË¼ÞÃÊÁÃäåÑ¸ÜáÚ¾ÑÕ¿ÂÀÜÞË¼ÞÃÊÁÃäå¸ÝÜáÚ¾Ñ¸¼ÂÉÞÜÁÂÃÑÚ¼ÞÜ¾¼¾Ü¸Ý¼ÂÉÞÜÁÂÃÑ¸Þ»ÂãÃÜÑÆÇÈ¸ÝÞ»ÂãÃÜÑ¸ç¼ÞËÑçÞ¼À¾¸Ýç¼ÞËÑ¸ÝÃÀÆÙÕ¿ÂÀÜÞË¼ÞÃÊÁÃäåÑ¸ÝÃÀÆÙÚ¿ÂÊãÉ¾Õääåí¾ÀÚÂÃÀ¾Ñ¸ÝÀÂÞÚ¾Ã½ ÙàÂÊáÑ¸ÝÀÂÞÚ¾Ã½ ÙÖÃ½¾¼ÂÚ¾Ñ
îïð ñòóôõ

îöð ÷ôõóôõ
Figure 5.12: SOAP Messages of COX1 WSDL Service Operation producePGG2

specified. Thus, all locales are considered.

5.3.6.6 Focused Library Generation

As described in Section 4.1.2, a focused library can be generated based on the mining context.

For the experiment, we rely on service interrogation APIs of the WSMX runtime library as

indicated in Figure 5.2 to find WSML services that refer to each of the seven ontologies.

These services are collected as part of the focused library for later processing.

5.3.6.7 Screening

Using the focused library as input, the screening phase first uses the filtering algorithms

that are presented in Section 4.2.1 to generate a collection of service composition leads.

Figure 5.13 (a) shows examples of service composition leads that are rendered in a Java

renderer that we have developed. These leads are then verified using the static verification

algorithms presented in Section 4.2.2. Figure 5.13 (b) shows examples where invalid service



G. Zheng Chapter 5. Application: Biological Pathway Discovery 103

øùúûüýþ ûùþÿüý�ýùû�ÿþ û��ÿ���û� ý� úÿ�ý�ý�û�ý�ù

��	 
��
�� ������ ����������
� ��	 ����� ������ ����������
�

�
�
�

�

������ ! "
#
!

$%#

& ' ( )*+,-./012& -13 '*,04/3+3 562+,4/7+ (! !& 89 )*+,-./01 &:+70;1/<+20*+,-./01 84/- &=2 /1*>.*-,-?+.+, 90>.*>..+3 56 8" !( @ & )*+,-./01 &*,0?0.+22+,4/7+ ( 560>.*>../1;*-,-?+.+,@A -1 +1./.6.B-. *,04/3+22+,4/7+ (
$%#" ( @ ' )*+,-./01 '/1B/5/.2 2+,4/7+( 56 7012>?/1;*-,-?+.+, @A-1 +1./.6 .B-.*,04/3+22+,4/7+ (!

Figure 5.13: Example Composition Leads before and after Static Verification

composition leads have been filtered out by static verification. We show four examples of

false composition that are eliminated after static verification.

1. Indirect recognition between BrainService:processPain and Nocicep-

tor 2 Service:transmitPain. This is invalid because the postcondition of transmitPain

(see Table 5.3) conflicts with the precondition of processPain (see Table 5.4).

2. Indirect recognition between Nociceptor 3 Service:senseRelief and BrainSer-

vice:processPain. This is invalid because the postcondition of processPain conflicts
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Figure 5.14: Example Composition Leads before and after Linking

with the precondition of senseRelief.

3. Inhibition from NF kappaB Rel 1 Service:translocate to NF kappaB Rel 2 Service.

This is invalid because the precondition of translocate conflicts with that of

NF kappaB Rel 2 Service’s operation stimulateProinflammatoryGeneTranscription.

4. inhibition from LTB4 1 Service:recruitNeutrophil to Neutrophil 1 Service. This is in-
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valid because the postcondition of recuritNeutrophil overlaps with the only precondition

of Neutrophil 1 Service’s operation produceLTB4 (see line 22 of Algorithm 10).

The linking algorithms (Section 4.2.3) are then applied to the verified leads to generate more

comprehensive composition leads as shown in Figure 5.14.

5.3.6.8 Evaluation

Objective evaluation is used to identify interesting segments of a lead composition network

(see Section 4.3.2.1). In [107], we represented pathways discovered in the screening phase

using the tree format (the same as in Figure 5.14) due to its simplicity in implementa-

tion. However, this representation strategy has the inherent difficulty of merging potentially

duplicate nodes in these pathways. Figure 5.14 gives an example of two producePGH2 dupli-

cating each other. We have since extended our rendering algorithms to represent pathways

in GraphML [4], which can then be rendered and automatically arranged using yEd [17].

In Figure 5.15, we show pathways discovered using our adapted screening algorithms and

then represented in the graph format. Note that interesting segments in the pathway net-

work are automatically identified and highlighted based on interestingness measure discussed

in Section 4.3.1.5. For simplicity, we use only the novelty element of interestingness when

determining whether a segment is interesting. The novelty is based on the outcome of com-

paring the source indicator of linkages in the pathway graph representing three types of

service/operation recognitions: promotion, inhibition and indirect recognition, as described

in Section 3.3. These interesting segments highlight previously hidden linkages between

individual services and operations. For example, the diagram shows that operation produce-

COX2 of NeutrophilService can generate a service providing entity COX2, which may be

blocked by operation acetylateCOX2 of AspirinService. Such information is not obviously

apparent if we examine simple pathways (see Figure 5.1) that are manually put together

individually and independently. For brevity, we display only shortened names for nodes in

the graph. We keep the full name containing either the ontological path for entity nodes

or the WSML service path for both service and operation nodes in a separate description

field (not shown in Figure 5.15). In addition, we omit pre- and post-condition details of

operation linking edges such as the two forming a loop between operation coverStomachWall

and entity Stomach Cell 1. However, we keep track of the pre- and post-conditions in our

service mining client as such information along with the ontological entity paths and WSML

1The precondition along the upper edge states that Stomach Cell is not covered by Mucus and the

postcondition along the lower edge states that Stomach Cell is covered by Mucus.
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Figure 5.15: Discovered Pathways Represented in GraphML and Rendered in yEd
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service paths are needed when we try to invoke these services during simulation. To ensure

the correctness of our algorithms, we compared segments within the automatically discov-

ered pathway network with those constructed manually in Figure 5.1 and found them to be

consistent in all cases.

Figure 5.16 shows that based on highlighted interesting segments, the user has selected five

nodes of interest, namely, service node AspirinService, parameter node Mucus, service provid-

ing entity node Stomach Cell, parameter node PainSignal, and parameter node ReliefSignal.

The graph expansion algorithms presented in Section 4.3.2.2 are then used to establish a

fully connected graph, as shown in Figure 5.17, connecting user-identified interesting nodes

with as many interesting segments as possible within a lead composition network. When

presented with this highlighted pathway, the user may now hypothesize that an increase in

the dosage amount of Aspirin will lead to the relief of pain (usefulness), but may increase

the risk of ulcer in the stomach (side effect). Such hypothesis can be tested out using the

next simulation step.

5.3.6.9 Simulation of Pathways

Although a fully connected subgraph of the pathway network is the basis for the user hypoth-

esis, the simulation itself has to be carried out involving all the constituents (i.e., entities,

services and operations) of the network. We outline our simulation strategies in Algorithm

17.

When an operation is to be invoked, the algorithm checks two factors. First, it examines

whether all the pre-conditions of the operation are met. An operation that does not have

available input entities meeting its preconditions should simply not be invoked. Second,

the algorithm determines how many instances are available for providing the corresponding

service. This factor is needed because each biological entity of the same type has a discrete

service process that deals with input and output of a finite proportion 2. The available

instances of a particular service providing entity will drive the amount of various other

entities they may consume and/or produce. For this reason, the algorithm treats each entity

node in a pathway network such as the one shown in Figure 5.17 as a container of entity

instances of the noted ontology type. In some cases, the service provider is also used as

an input parameter. For example, the sensePain operation from the NociceptorService in

Figure 5.1 (g) has a precondition stating that the Nociceptor itself should be bound in order

2This differs from traditional business service processes that are often represented as collective singletons

for a given organization (e.g., credit check, loan approval).
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Figure 5.16: User Picks Interesting Nodes in Discovered Pathways
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Figure 5.17: Interesting Nodes and Edges are Connected
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Algorithm 17 Simulation Algorithm
Input: Pathway Network PN , function f() determining initial number of instances for an entity

type, total number of iterations I, upper bound S for random number generator random with

uniform distribution

Output: Statistics Stats

Variables: entity type et, entity instance container Container(et) of type et, operation op, input

entity opin, output entity opout and precondition oppre of op

1: for all et ∈ PN do

2: Container(et)← create f(et) instances;

3: end for

4: Stats← Tally entity quantities in each container;

5: for i = 0 to I do

6: for all op ∈ PN do

7: s← op.getProviderServce();

8: etparameter ← op.getInputParameter().getEntityType();

9: etprovider ← s.getProviderEntityType();

10: if etparameter = etprovider then

11: n← number of entities of type etprovider that match oppre

12: else

13: n← number of entities of type etparameter

14: end if

15: n← n/S + ((random.nextInt(S) < (n modulo S))?1 : 0);

16: for j = 0 to n do

17: if ∃opin ∈ Container(etparameter) : opin matches oppre then

18: opout ← invoke(op) with opin;

19: if etparameter 6= etprovider∧ provider is consumable then

20: Container(etprovider).remove(0);

21: end if

22: if etparameter 6= etprovider∨ provider is consumable then

23: Container(etparameter).remove(opin);

24: end if

25: etparameter ← opout.getEntityType();

26: Container(etparameter).add(opout);

27: end if

28: end for

29: end for

30: Stats← Tally entity quantities in each container;

31: end for
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to provide this service. In order to express this precondition, we decided to include the service

providing entity also as an input parameter. In such a case, the number of service providing

instances will be determined by checking further whether each of the service providing entity

instances also meets the precondition of the corresponding operation.

In Algorithm 17, an initial number of instances for each entity type et are first generated

based on function f(et) (lines 01-03). It is conceivable that an expert may want to create

different number of instances at the beginning for different entity types. Next, we conduct

I iterations of operation invocations (lines 05-31). We take a snapshot of the quantities at

the end of each iteration and before the very first iteration (lines 30 and 04). We determine

the number of times the corresponding operation should be invoked based on the quantity

of the corresponding service providing entity (lines 7 to 15). To make sure that an operation

from a service providing entity of a small quantity also gets the chance to be invoked, a

random number generator is used (line 15). Upon invocation of the operation, we remove

corresponding entity instance based on the truth table depicted in Figure 5.18. When we

determine the provider should be removed (lines 19 to 21), we remove the first instance

found in the corresponding container. Since the provider is not the input parameter, it is

consequently not involved in the evaluation of the operation precondition. Thus we can

remove any one instance found in the container. Lines 22 to 24 are for removing the input

parameter instance when the corresponding condition is met. Finally, we add the output

parameter instance to the corresponding entity container (lines 25 and 26). In Section 5.3.6.9,

we present results from our simulation.efghigjklmnhjop efghigqjqrhehjosjklmnhj mtukvtwrqxyh
zht

zht{k {k| ||}
} |}} ~�he�hj gqjqrhehjt�kwyn xh jhrklhn~�he�hj gjklmnhjt�kwyn xh jhrklhn
sjklmnhj mt ukvtwrqxyh �� k� qnm��hjhve efgh e�qv gqjqrhehjsjklmnhj mt ukvtwrqxyh ��� k�q nm��hjhve efgh e�qv gqjqrhehj

Figure 5.18: Logic for Removing Entity Instance After Operation Invocation
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Entity Type et Initial Quantity f(et) Providing Service Provider

Consumable

Arachidonic Acid 300

Aspirin 10, 40, 70, 100 (Figure

5.19 (a), (b), (c) and (d))

acetylateCOX1 false

acetylateCOX2 false

bindIKK beta false

Blood 90 circulatePGH2 false

Brain 30 (Figure 5.19), 15 (Fig-

ure 5.20)

processPain false

COX1 30, 60, 90, 120 (Figure

5.19 (e), (f), (g) and (h))

producePGG2 false

COX2 15 producePGE2 false

GastricJuice 30 erodeStomachCell false

depleteMucus false

I kappaB 30 bindNF kappaBRel true

IKK beta 30 phosphorylateI kappaB true

LPS 30 activateIKK Beta false

LTB4 30 recruitNeutrophil false

incite inflammation false

LXA4 30 suppressInflammation false

Mucus 30 coverStomachWall true

Neutrophil 30 produceLTB4 false

produceCOX2 false

NF kappaB Rel 30 translocate true

stimulateProinflammatory-

GeneTranscription

false

Nociceptor 30 sensePain false

transmitPain false

senseRelief (disabled for

Figure 5.20 (e), (f), (g) and

(h))

false

PainSignal 0

Peroxidase 60 producePGH2 false

PGE2 0 induce 15 LO false

bindNociceptor true

PGI2 30 suppressPlateletAggregation false

PGI2Synthase 60 producePGI2 false

PLA2 30 liberateArachidonicAcid false

ReliefSignal 0

SpinalCord 30 transmitPain false

transmitPainRelief false

Stomach Cell 60 produceMucus false

TBXAS1 15 produceTxA2 false

TxA2 30 vasoconstriction false

Table 5.5: Experiment Setting
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We list in Table 5.5 values for f(et) used in Algorithm 17. In practice, we expect the mining

engineer to study the highlighted pathway and use that to determine what the combination

of these initial quantities should be before starting the simulation. Note that in cases where

there is a singleton entity such as Brain and Spinalcord, the initial quantity is only used to

help determine how often the corresponding service operation should be invoked. It by no

means indicates that there are more than one of such entity. We start by simulating how

the quantity of Aspirin affects the erosion of stomach and sensation of pain. The simulation

results obtained from each run of the mining client are compiled into an Excel spreadsheet,

which is then used to generate plots such as those in Figures 5.19 and 5.20.

Figure 5.19 (a), (b), (c) and (d) show that given a fixed initial quantity of 60 for COX1,

the increase in the dosage amount of Aspirin has a negative effect on the stomach, i.e., as

the quantity of Aspirin continues to increase from (a) to (d), the severity of stomach erosion

also increases. For example, when the quantity of Aspirin is 10, there is no sign of stomach

erosion. When the quantity of Aspirin increases to 100, the quantity of stomach cell, after

150 iterations of operation invocation, drops to 20, which is one third of the initial quantity.

This confirms the user hypothesis that Aspirin has a side effect on the stomach. In addition,

we also noticed that given a fixed quantity of Aspirin, the reduction of the initial quantity

of COX1 also has a negative effect on the stomach (Figure 5.19 (e), (f), (g) and (h)). When

the initial quantity of COX1 is high, it takes longer for all the COX1 to get acetylated by

Aspirin. As a result, enough PGG2 and consequently PGH2 and PGI2 will be built up to

feed into the produceMucus operation of the StomachCellService. As the initial quantity of

COX1 becomes smaller and while the depletion rate of Mucus by GastricJuiceService remains

the same, less Mucus is being produced by the StomachCellService as less PGI2 becomes

available.

While Figure 5.19 clearly illustrates the relationships between Aspirin and Stomach Cell,

the relationship between the dosage amount of Aspirin and the sensation of pain is less

obvious in the same Figure. Except for Figure 5.19 (a), which shows some accumulation

of PainSignal when the quantity of Aspirin is 10, the rest of plots show no pattern of such

accumulation or the variation thereof. A closer look at the highlighted pathway in Figure

5.17 reveals that this is actually consistent with the way the simulation is set up. Since

PainSignal is created and then converted by the Brain to ReliefSignal, which disappears

after it is sensed by Nociceptor, this whole path at the bottom actually acts as a ‘leaky

bucket’. To examine exactly what is going on along that path, we decided to make two

changes in the simulation setting. First, we reduced the quantity assigned to Brain from

30 to 15. This creates a potential imbalance between the production rate of PainSignal

and ReliefSignal since the processPain operation from the BrainService will be consequently
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Figure 5.19: Simulation Results with Original Configurations
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Figure 5.20: Simulation Results with Modified Configurations
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invoked less frequently than the sensePain operation from the NociceptorService. Second,

we disabled the senseRelief operation of the NociceptorService. This essentially stops the

leaking of the ReliefSignal that are generated as a result of the PainSignal. When we apply

only the first change to the simulation, the imbalance of the processing rates for PainSignal

and ReliefSignal results in a net accumulation of PainSignal when the quantity of Aspirin

is 10 (Figure 5.20 (a)). When the quantity is increased to 40 (Figure 5.20 (b)), we see

there are some occasional and temporary accumulation of PainSignal. As the quantity of

Aspirin continues to increase (Figure 5.20 (c) and (d)), we see no detectable accumulation

of PainSignal. Finally, we apply the second change along with the first one. Consequently,

we notice that while the pattern of PainSignal’s accumulation hasn’t changed much, there is

a consistent accumulation of ReliefSignal. Since each PainSignal is eventually converted to

a ReliefSignal by the Brain according to the highlighted pathway in Figure 5.17, the rate of

ReliefSignal’s accumulation actually provides a much better picture on how fast PainSignal

has been generated. We see that as the dosage amount of Aspirin increases, less ReliefSignal

is generated, an indication that less PainSignal has been generated. Thus it is obvious that

the increase of the dosage amount of Aspirin has a positive effect on the suppression of

PainSignal’s generation. This confirms the other half of user’s original hypothesis.

Simulation results such as these presented in Figures 5.19 and 5.20 provide information to

a pathway analyst who would otherwise get such information from in vitro and/or in vivo

exploratory mechanisms. Using the service-oriented simulation environment, the interrela-

tionships among various entities involved in the pathway network can now be exposed in

a more holistic fashion than traditional text-based pathway discovery mechanisms, which

inherently lack the simulation capability.



Chapter 6

Related Work

In this Chapter, we survey related work. These include Web service composition techniques

and standards, data mining, log-based interaction and process mining, and natural comput-

ing. We also discuss similarities among and differences between these approaches and the

Web service mining approach as presented in this dissertation.

6.1 Web Service Composition

Several standardization and prototype efforts were undertaken in the field of Web service

specification and composition. To illustrate the relationships between many of the ap-

proaches that resulted from these efforts, we refer to Figure 6.1 ([89, 11, 14]), which organizes

various Web service related standards, including those related to Web service composition,

according to their levels of abstraction.

Composition related approaches (Figure 6.1) can be grouped into two different categories [89]:

business process-oriented and semantics-based. Several important approaches (e.g. Petri-

nets and algebraic process composition, WSFL, XLANG) are not shown in Figure 6.1. They

either serve as the formal basis for other approaches or are merged into other standards (e.g.,

BPEL4WS). We overview each of these in the following sections.

6.1.1 Business Process-Oriented Web Service Composition

Business process-oriented approaches include: Petri-nets, algebraic process composition,

WSFL, WSCI, XLANG, BPEL4WS, BTP, BPML and ebXML.
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Figure 6.1: Relationships among Proposed Standards and Methodologies

6.1.1.1 Petri-nets

The Petri-net approach [50] graphically represents a process as a directed and connected

graph where some nodes (referred to as places) can be used to represent states and other

nodes (referred to as transitions) can be used to represent operations. When there is at least

one token in every place connected to an operation, the operation is enabled. An enabled

operation might fire by removing one token from every input place, and depositing one token

in each output place. At any given time, a service can be in one of the following states: not

instantiated, ready, running, suspended, or completed. After a net for each service is defined,

composition operators can perform a variety of compositions including sequence, alternative,

iteration, parallel, etc. A process can be analyzed in a number of ways using Petri-nets due

to its abundance of analysis techniques [33, 37, 67, 96]. For example, Petri-nets can be used

to determine the absence of deadlocks or livelocks (whether composition will terminate in a

finite number of steps).

6.1.1.2 Algebraic Process Composition

Algebraic service composition models services as mobile processes. Mobile processes theory

is based on π-calculus [76], in which the basic entity can be one of the following processes:
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empty process, a choice between several I/O operations, a parallel composition, a recursive

definition, or a recursive invocation. I/O operations can be input (receive) or output (send).

For example, x(y) denotes receiving tuple y on channel x; x̄[y] denotes sending tuple y on

channel x. Dotted notation specifies an action sequence, such as ū[1,v].v(x,y,z).ū[x+y+z],

in which a process sends tuple [1, v] on channel u, then receives a tuple at channel v whose

components are bound to variables x, y, and z, and finally sends the sum of x + y + z to

channel u. Parallel process composition is denoted with A|B. Describing services in such an

abstract way allows for the reasoning about the composition’s correctness [73].

6.1.1.3 WSFL

IBM’s Web Services Flow Language (WSFL) [15, 66] is an XML language for describing Web

service compositions. WSFL is based on Petri-nets [89]. It provides two types of model, flow

model and global model. The flow model aims to specify the logic of a business process. It

uses a directed graph to model the execution sequence of the functionality provided by a

composed service as a flow of control and data between component services. Each node of

the graph, referred to as an activity, represents a step of the business goal the composition

tries to achieve. The types of links are used to connect activities. The first type, referred to

as control links, prescribe the order for performing the activities. The second type, referred

to as data links, represent the flow of data between activities. The global model aims to

define the mutual exploitation of Web services of decentralized or distributed participants in

a business process. No specification of an execution sequence is provided. Instead, it relies

on the use of plug links to represent the interactions among participants. WSFL also aims

to support the recursive composition of services. In WSFL, every Web service composition

(a flow model as well as a global model) can itself become a new Web Service, and can thus

be used as a component of new compositions.

6.1.1.4 WSCI

BEA Systems’ Web Service Choreography Interface (WSCI) [97] is an XML-based interface

description language used to describe how Web Service operations, such as those defined by

WSDL, can be choreographed in the context of a message exchange in which the Web Ser-

vice participates. WSCI describes how the choreography of these operations should expose

relevant information, such as message correlation, exception handling, and transaction de-

scription. Message correlation is realized by associating exchanged messages with correlation

properties identifying a conversion. Exception can be due to the receipt of a out-of-context
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message, occurrence of a fault or a timeout. A transaction is used to group a set of ac-

tivities that should be executed in an all-or-nothing manner. WSCI describes the behavior

of Web service in terms of choreographed activities. Activities may be atomic or complex,

i.e. recursively composed of other activities. Choreography describes temporal and/or log-

ical dependencies among activities. Types of choreographies supported by WSCI include:

sequential execution, parallel execution, looping, and conditional execution.

6.1.1.5 XLANG

Microsoft’s XLANG [93] is based on π-calculus [89]. It extends a WSDL service description

with a behavioral element at the intra-service level. A behavior defines the list of actions

that belong to the service and the order in which these actions must be performed. XLANG

supports two types of actions: WSDL operations and XLANG-specific actions including

exceptions and deadline/duration based timeouts. Similar to WSCI, message correlation

and transaction are also supported in XLANG. At the inter-service level, XLANG defines

a contract detailing the connections between service ports used to stitch together individual

service descriptions.

6.1.1.6 BPEL4WS

Due to the incompatibility between WSFL and WSCI/XLANG, researchers developed Busi-

ness Process Execution Language for Web Services (BPEL4WS) [26, 43]. BPEL4WS com-

bines features in WSFL (process graph) and WSCI/XLANG (process structural constructs)

to support process-oriented service compositions. A process is composed of activities (taken

from WSFL and WSCI). The execution of a process may encounter exceptions (taken from

WSCI and XLANG). Both message correlation and transactions from WSCI and XLANG

are also supported in BPEL4WS. There are several BPEL2WS orchestration server im-

plementations for both J2EE and .NET platforms, including IBM WebSphere [56], Oracle

BPEL Process Manager [83], Microsoft BizTalk [75], OpenStorm Service Orchestrator [82]

and ActiveBPEL [21].

6.1.1.7 BTP and BPML

Business Transaction Protocol (BTP) [80] is designed to support interactions that cross ap-

plication and administrative boundaries. BTP relaxes the ACID properties via two subpro-

tocols: atoms, where isolation is relaxed, and cohesions, where both isolation and atomicity
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are relaxed. Business Process Modeling Language (BPML) [79] shares the same root in

WSCI with BPEL4WS. It uses WSCI for expressing public interfaces and choreographies.

BPML also provides advanced process model semantics such as nested processes and complex

compensated transactions.

6.1.1.8 ebXML

Electronic Business XML (ebXML) [95] is an international initiative established by the

United Nations Centre for Trade Facilitation and Electronic Business (UN/CEFACT) and

the Organization for the Advancement of Structured Information Standards (OASIS).

ebXML aims at defining standard business processes and trading agreements among different

organizations. The vocabulary used for an ebXML specification consists of the following:

• a process specification document describing the activities of the parties in an ebXML

interaction

• a collaboration protocol profile describing an organization’s profile (e.g., supported busi-

ness processes, its roles in those processes, the messages exchanged, and the transport

mechanism for the messages)

• a collaborative partner agreement representing an agreement between partners

The infrastructure includes an ebXML registry that stores important information about busi-

nesses along with the products and services they offer. ebXML registries have an advantage

over UDDI registries in that they allow SQL-based queries on keywords.

6.1.2 Semantics-based Web Service Composition

Semantics-based Web service composition approaches take advantage of service ontologies

when describing Web service descriptions. The use of such ontologies allows for unambiguous

interpretation of Web service semantics by a computer. Based on the DARPA Agent Markup

Language Ontology Inference Layer (DAML+OIL), Web Ontology Language for Services

(OWL-S) [99], previously known as DAML-S, is a service ontology that aims at enabling

Web services reasoning, composition planning and automatic use of services by software

agents. OWL-S models services using a three-part ontology: profile, model, and grounding.

A service profile is an abstract characterization of what a service can do. This includes
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the required input of the service, the output the service will provide to the requester, the

preconditions and the effects of the execution of the service. These are collectively known

as the IOPEs of the given service. The service model describes a service’s behavior as

subprocesses using a process graph. There are three kinds of subprocesses in a graph:

atomic processes that have no subprocesses and are invocable, simple processes that do not

have subprocesses but might be invocable, and composite processes that have subprocesses

linked by control constructs, such as sequence, split, split and join, choice, iteration, and

if-then-else. Service grounding describes how to access and use a Web service. It includes

descriptions for message formatting, transport mechanisms, protocols, and serializations of

types. Different from BPML, which is business-oriented, OWL-S provides the necessary

vocabulary and properties that are generic to a process model.

A more recent language for Semantic Web service specification is the Web Service Modeling

Language (WSML) [10]. WSML is based on the Web Service Modeling Ontology (WSMO)

[11]. The core language of WSML uses description logics and logic programming. While not

restricting the expressive power of the language for the expert user, WSML takes considera-

tion of users who are not familiar with formal logic by making the distinction between con-

ceptual and logical modeling. Like OWL-S, WSMO declares inputs, outputs, preconditions,

and results associated with services. Unlike OWL-S, WSMO does not provide a notation for

building up composite processes in terms of control flow and data flow. Instead, it focuses

on specification of internal and external choreography, using an approach based on abstract

state machines. A major difference between WSMO and OWL-S is WSMO’s emphasis on

the production of a reference implementation of an execution environment, WSMX, and on

the specification of mediators – mapping programs that solve the interoperation problems

between Web services.

6.1.3 Contrasting Web Service Mining and traditional Web Ser-

vice Composition Approaches

Service composition can be carried out using two fundamentally different strategies. The

first is the top down strategy, which requires a user to provide a goal containing specific

search criteria to start the composition process, as do traditional Web service composition

approaches. Since the goal provided by the user already implies what type of compositions

the user anticipates, the evaluation of composition interestingness is not a major concern in

these approaches. The second is the bottom up strategy, which is driven by the desire to find

any interesting and potentially useful compositions of existing Web services without using
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specific search criteria. We refer to the second strategy as Web service mining because of its

proactive nature in seeking for composed Web services. In the absence of a top-down query,

Web service mining techniques need to address how interestingness of service compositions

can be determined. In [108], we introduced an interestingness measure used to evaluate

composite services discovered via our service mining algorithms. To date, no work has been

reported elsewhere in the field of Web service mining that relies on no a priori knowledge

about the composabilities of Web services. The closest work is found in log-based interaction

and process mining, which is discussed in Section 6.3.

6.2 Contrasting Web Service Mining and Data Mining

Data mining is the extraction of interesting information from data contained in databases.

It relies on computer programs to sift through databases for finding regularities or patterns.

Data mining has received much attention due to the increased amount of data that exist

and are made available to people through cheap storage. Today enterprises collect up to

terabytes of data [100]. Many have looked into using data mining techniques for purposes

of data classification, anomaly detection and prediction. Data mining techniques search

for consistent patterns and/or systematic relationships between variables [58]. They then

validate the findings by applying the detected patterns to new sets of data. These techniques

have been used to forecast weather [102], predict stock market [27], sports [51] and electric

load fluctuation [81], assist diagnosis [58], and detect fraud [51].

Similar to Web service mining, data mining is driven by the motive of extracting previously

unknown and useful information from existing data. Data mining techniques rely on static

data being the subject of study. Unlike static data, Web services encapsulate behaviors

through a set of operations that are intrinsically dynamic in nature. Consequently, the

variations in data values that traditional data mining techniques rely on cannot be used to

determine whether two services are composable. It is the syntactic operation structures,

the semantics of messages sent across these operations and measures such as quality that

determine whether two services are composable. As a result, the task of Web service mining

is considerably more challenging.
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6.3 Log-based Interaction and Process Mining

In [40], Dustdar et. al. rely on analyzing Web service execution log data to discover potential

process workflow instances involving these services. While this approach may work well for

business processes over time as more execution logs are expected to become available in this

area, the challenge of identifying interesting workflows in the absence of such logs, especially

at the time when component Web services are just introduced, is still real. Our Web service

mining framework allows the mining of interesting composite services to be carried out in

the absence of execution logs. When applied to the field of pathway discovery, where the

expedience of such discovery is key to success, our approach enables the proactive discovery

of interesting pathways upon the availability of these services.

6.4 Natural Computing

Natural computing is the field of research that “investigates models and computational tech-

niques inspired by nature and, dually, attempts to understand the world around us in terms

of information processing” [61]. In our research, we devised service mining techniques based

on molecular recognition and applied these techniques back to the discovery of biological

pathways. Consequently, our research can be viewed as a subfield of natural computing.

Natural computing covers many other theoretical researches, algorithms and software ap-

plications. Of particular relevance to our research are efforts to understand the universe

from the point of view of information processing and how they change what we mean by

computation. Classical examples of nature-inspired models of computation include cellular

automata, neural computation, and evolutionary computation. More recent examples include

swarm intelligence and artificial immune systems.

The notion of cellular automata was first conceived by Ulam and von Neumann in the 1940s.

A cellular automaton is a dynamical system consisting of a regular grid of cells in discrete

space and time. Each cell can be in one of a finite number of states and transition its

state according to a given set of rules. These rules determine the cell’s future state based

on its current states and those of some of its neighbors. As a result, the configuration

of the entire grid of cells would update synchronously according to the transition rules.

Cellular automata have been applied to the study of communication, computation, growth,

reproduction, competition, and evolution.

The field of neural computation originates from the model of artificial neurons first proposed
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by McCulloch and Pitts [69]. Neural computation attempts to first help unravel the structure

of computation in nervous systems of living organisms, i.e., how the brain works, and use that

knowledge to help yield significant computational advances, i.e., how to build an intelligent

computer. The quest for the second goal eventually gave rise to the study of artificial neural

networks or simply neural networks. Similar to the brain, a neural network can be trained and

“learn” to distinguish one pattern from another. Various types of neural networks have been

developed. They include the perceptron [86], back propagation networks (BPN) based on

the learning algorithm introduced by Rumelhart [87], Cognitron [48], and Kohonen’s feature

maps [63]. In a neural network (e.g., in BPN and Cognitron), layers of nodes are linked by

weights between layers, with one of the layers being the input layer and another being the

output layer. The remaining layers are hidden between the input and output. The learning is

achieved through training the network repeatedly by feeding it with training instances so the

weights are optimized. As a result of this optimization, the output layer eventually generates

significantly different values for different instances in the training set, an indication that the

network has finally recognized the provided instances. The assumption is that the trained

network can then be used to recognize instances similar to any of the instances contained

in the training set. Neural networks have been used for clustering, feature extraction, and

anomaly detection [27]. In bioinformatics, neural networks have been used to cluster gene

expression patterns [53] and predict HIV drug resistance [39].

Unlike cellular automata and neural computation that emulate features of a single biological

organism, evolutionary computation [24] inspired by the Darwinian evolution theory [34]

emulates the dynamics of an entire species of organisms. An artificial evolutionary system is

a computational system based on the notion of simulated evolution. It features a constant- or

variable-size population of individuals, a fitness criterion according to which the individuals

of the population are being evaluated, and generically inspired operators that produce the

next generation from the current one. Evolutionary computation has been applied mostly

to the study of optimization.

Swarm intelligence [41], sometimes referred to as collective intelligence, is defined as the

problem-solving behavior that emerges from the social interaction of a collection of mobile

biological organisms (e.g., bacteria, ants, bees, fish, birds) or agents. Two examples are the

flocking behavior [85] of birds and the foraging behavior of ant colonies. Particle swarm

algorithms inspired by the flocking behavior of birds have been applied to unsupervised

learning, game learning, scheduling and planning applications, and design applications. Ant

algorithms [38] inspired by the foraging behavior of ant colonies have been used to solve

combinatorial optimization problems defined over discrete search spaces.
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Artificial immune systems [45, 35] are devised according to the natural immune system of

biological organisms. The natural immune system is viewed as an information processing

system that performs many complex computations such as the distinction between self and

nonself and neutralization of nonself pathogens (e.g., viruses, bacteria, fungi, and parasites).

Upon invasion of foreign antigen into the body, a few of body’s immune cells can detect

and bind to the invaders. This detection also triggers the generation of a large population

of cells that produce matching antibodies that aid in the destruction of neutralization of

the antigen. The immune system retains some of these specific-antibody-producing cells in

the immunological memory, so that any subsequent exposure to a similar antigen can lead

to a more rapid immune response. Applications inspired by these include computer virus

detection, anomaly detection, fault diagnosis, pattern recognition, machine learning and so

on.

In parallel to the above examples that focus on nature-inspired computational models and

techniques, a dual direction of research in natural computing attempts to understand pro-

cesses that take place in nature as information processing. For example, one view of study-

ing the entire genomic regulatory system is to think of it as a “genomic computer” [59]

where robustness is achieved by means such as rigorous selection. In this selection, non or

(poorly)-functional processes are rapidly degraded by various feedback mechanisms. In such

a computer, the distinction between hardware and software breaks down, i.e., the genomic

DNA provides both the hardware and the digital regulatory code (software). At the far

spectrum of views of nature as computation is the idea of viewing the entire universe as

some kind of computational device or a quantum computer [68] that computes itself and its

own behavior.



Chapter 7

Conclusions

The growing popularity of the Web and Web services has provided a great potential for a

new research discipline, aka, Web service mining, as we have identified here. An effective

service mining tool would allow potentially interesting and useful composite Web services to

be discovered based on the availability of component services, rather than solely on human

intuition or knowledge about the composability of these component services, as do traditional

top down service composition approaches. We proposed a Web service mining framework

that aims at the proactive discovery of interesting and useful service compositions. We also

applied the framework to the discovery of useful pathways linking service-oriented models of

biological processes. We summarize the main contributions of our research below.

Web Service Mining Framework - We identified two main challenges faced in the min-

ing of Web services: combinatorial explosion and the determination of service composition

interestingness and usefulness. In searching for effective strategies to address these two chal-

lenges, we first explored the similarities between Web services and molecules in the natural

world. These similarities led us to studying the drug discovery process. Strategies used in

this process inspired the conception of the various phases of our mining framework. To ad-

dress the first challenge, we relied on a Web service ontology to organize constructs of Web

services. We proposed to describe shared capabilities of Web services through operation

interface, allowing Web services to declare their role as either as provider or consumer of an

operation interface. We derived the concept of service and operation recognition from the

phenomenon of molecular recognition. We then developed several publish/subscribe mecha-

nisms centered around the concepts of operation interface and service/operation recognition.

These enabled us to convert the traditional top down combinatorial search problem into a

more efficient process of bottom up service and operation recognition. We incorporated both
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static verification in the screening phase and dynamic runtime simulation-based verification

in the evaluation phase. To address the second challenge, we established a set of measures

that can be used to objectively determine the interestingness and usefulness of service com-

positions. We also strived to push the expensive subjective evaluation step towards the end

of the mining process.

Web Service Modeling of Biological Processes - Computer-based representation of

biological entities and processes is currently dominated by two approaches: free text de-

scription and computer models. The first approach, while easy to carry out, inherently lacks

the ability to support computer-based simulation. The second approach has the limitation

of models being constructed to simulate entities in isolated local environments, essentially

making the sharing and interoperation of these models a difficult task. To address these

limitations and to bridge the gap between the two approaches, we proposed to model bio-

logical processes as Web services. This approach fosters better sharing of biological models

by making them both discoverable and directly invocable on the Web. For experiment, we

attempted to model biological processes as WSDL services and expose their semantic in-

terfaces using WSML. We then deployed these services to runtime environment including

WSMX and Jetty Web server.

Pathway Discovery through Web Service Mining - We applied our Web service

mining framework to the WSML service models of biological processes and demonstrated

its effectiveness in the automatic discovery of pathway networks linking these models. We

developed a set of graph related algorithms identifying interesting pathway segments and

the establishment of a fully connected subgraph. These are then provided to user as visual

aids and serve as basis for hypothesis formulation. We developed simulation strategies and

demonstrated the feasibility of simulating these pathways through invoking service oriented

biological models directly on the Web. Based on results from such simulation, user can

either confirm or rejects his/her original hypotheses and make the ultimate decision as to

whether the pathway under study is really useful.

Directions for Future Research

We identify the following directions for future research: dynamic mining of Web services,

collaborative mining of Web services, and elaborate service modeling methodologies.

Dynamic Mining of Web Services – Web services used as input to service mining

can themselves change continuously. Such change can potentially invalidate previous service

mining results or provide potential for obtaining more interesting results. For example, in
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the context of biological pathway discovery, as service models of biological processes become

more mature and detailed, one would expect mining results to reflect more closely real world

processes and their interactions that are being pursued. Dynamic service mining would be

required to agilely update mining results to keep them up with ongoing changes in Web

services. To achieve this in a prompt fashion, different phases of the mining framework may

need to be updated concurrently and asynchronously.

Collaborative Mining of Web Services – We focused in this research on how indepen-

dent service mining can be carried out. Since service mining can be performed concurrently

by multiple organizations, each within similar or related mining contexts, it can be beneficial

to these organizations by teaming up and forming alliances to collaborate on their service

mining activities. Further research will be needed to address how to efficiently share ser-

vice mining results, potentially during various mining phases, among partner organizations

and coordinate their service invocations (e.g., for the purpose of validation and predictive

analysis). To ensure successful collaboration among partner organizations, one may need to

address how to handle the way organizations trust one another so that the collaboration is

fair and mutually beneficial.

Elaborate Service Modeling Methodologies – In this research, we focused on using three

types of service/operation recognition mechanisms to model interactions among biological

entities. These include indirect recognition, promotion and inhibition. In reality, interactions

among biological entities can be very diverse and more complicated. For example, BioPAX

Level 1 [18] defines the following interactions:

• Conversion – An interaction in which one or more entities is physically transformed into

one or more other entities. Biochemical reaction is a conversion interaction in which

one or more entities (substrates) undergo covalent changes to become one or more

other entities (products). Complex assembly is a conversion interaction in which a set

of physical entities, at least one being a macromolecule (protein or RNA), aggregate

via non-covalent interactions.

• Control – An interaction in which one entity regulates, modifies, or otherwise influ-

ences another. Catalysis is a control interaction in which a physical entity (a catalyst)

increases the rate of a conversion interaction by lowering its activation energy. Modula-

tion is a control interaction in which a physical entity modulates a catalysis interaction.

To accurately capture the details of biological interactions, each of the above needs to

be sufficiently represented using the Web service modeling paradigm. Obviously, domain-

specific research is needed to categorize the behavioral varieties of each application domains.
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As new modeling mechanisms arise, service mining strategies outlined in this research will

then need to be adapted accordingly.
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Appendix A

Acronyms and Abbreviations

AI Artificial Intelligence

API Application Programming Interface

ATP Adenosine Triphosphate, a high energy phosphate compound

BPEL4WS Business Process Execution Language for Web Services

BPML Business Process Modeling Language

BTP Business Transaction Protocol

COPE Cytokines Online Pathfinder Encyclopedia

CORBA Common Object Request Broker Architecture

COX Cyclooxygenase

COX1 Cyclooxygenase-1 or Prostaglandin-endoperoxide synthase 1

COX2 Cyclooxygenase-2 or Cytochrome c oxidase subunit II

CWS Conference Web Service

DAML+OIL DARPA Agent Markup Language Ontology Inference Layer

DAML-S DARPA Agent Markup Language for Services

DARPA Defense Advanced Research Projects Agency

DIP Database of Interacting Proteins

DNA Deoxyribonucleic Acid

ebXML Electronic Business XML

EDI Electronic Data Interchange

EJB Enterprise Java Beans

FD Functional Description

GraphML Graph Markup Language

GRL Group of Relevant Leads

IκB Inhibitory kappa B
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KEGG Kyoto Encyclopedia of Genes and Genomes

LTB4 Leukotriene B4

LXA4 Lipoxin A4

mRNA Messenger RNA

NF-κB/Rel Nuclear Factor kappa B

NFP Non Functional Property

NLP Natural Language Processing

OASIS Organization for the Advancement of Structured Information Standards

OWL-S Web Ontology Language for Services

PG Prostaglandin

PGE2 Prostaglandin E2

PGG2 Prostaglandin G2

PGI2 Prostaglandin I2

PLA2 Phospholipase A2

QoWS Quality of Web Service

RDF Resource Description Framework

RNA Ribonucleic Acid

SOAP Simple Object Access Protocol

SQL Structured Query Language

Swiss-Prot A protein knowledgebase maintained by Swiss Institute for Bioinformatics

tRNA Transfer RNA

UDDI Universal Description, Discovery, and Integration

UML Unified Modeling Language

W3C World Wide Web Consortium

WSCI Web Service Choreography Interface

WSD World Service Description

WSDL Web Service Description Language

WSDL-S WSDL with Semantics

WSFL Web Services Flow Language

WSML Web Service Modeling Language

WSMO Web Service Modeling Ontology

WSMT Web Service Modeling Toolkit

WSMX Web Service Modeling eXecution environment

XLANG An XML-based extension of WSDL

XML Extensible Markup Language


