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Abstract - Service discovery has been recognised as an
important activity for service-based systems. In this paper
we describe a framework for dynamic service discovery that
supports the identification of service during the execution
time of service-based systems. In the framework, services
are identified based on structural, behavioural, quality, and
contextual characteristics of a system represented in query
languages. The framework supports both pull and push
modes of query execution. In the approach, a service is
identified based on the computation of distances between a
query and a candidate service. A prototype tool has been
implemented in order to illustrate and evaluate the
framework. The paper also describes the results of a set of
experiments that we have conducted to evaluate the work.

1. INTRODUCTION

Service-based systems, in which software systems are
constructed as compositions of services, have become an
important paradigm for the development of software
systems. In such setting, dynamic service discovery has
been recognised as an important activity. More
specifically, it is necessary to identify services that can
replace services participating in service-based systems
during execution time of such systems, in order to allow
these systems to continue to operate.

There are many situations in which it is necessary to
replace services during service-based system execution.
Examples of these situations are: (a) unavailability, or
malfunctioning of services participating in the system, (b)
changes in the structure, functionality, quality, or context
of services participating in the system, (c) changes in the
context of the system that uses a service, or (d)
availability of a “better” service due to the provision of a
new service or changes in the characteristics of an
existing service. Here by “better” service we mean a
service that can fulfil the structural, functional, quality,
and contextual properties of a system in a superior way
than existing services. Moreover, “context” signifies
information about the operational environment of a
system or of a service that may change dynamically (e.g.,
location, server workloads, active network connections,
availability of network resources).

To illustrate the above situations, consider a service-
based application that allows users to purchase goods on-
the-go from a mobile phone. One of the main
requirements of the users of this application is to be able
to purchase their goods in a fast and efficient way. More
specifically, the application offers services that allow
users to search for a certain item on the mobile device,
display information about the item including its picture on
the mobile device, compare prices of a selected item,
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calculate the cost of delivering the item, allow an item to
be paid by transferring money from the user’s bank
account after checking for the account’s balance, and
inform the user of the account’s new balance after an item
has been purchased.

Suppose a user of this application wants to purchase
an item. However, after informing the system of the item
that the user wants to buy, the application stops and
information about the item is not displayed for the user
(case a). In this case, the application needs to search for a
new service to support the tasks of searching for and
displaying information of an item. After the new service
is identified and added into the application, the user
selects an item to be purchased and the application
continues by comparing prices of the item from different
suppliers. Unfortunately, at this stage, there are many
users in the system and the time spent to compare prices
of the item drops considerable (case b). The application
tries to identify a service that can perform the above tasks
with an acceptable execution time that does not
compromise the application. A new service is added into
the application and after the user places the order of the
cheapest item, the cost of delivery is calculated. After
this, the value of the item and delivery cost are debited
from the user’s bank account and the new balance is
displayed for the user. After some hours, the user decides
to purchase another item to be delivered later on in the
day. At this time, the user is in a part of the city in which
there is no wifi network connection and it is necessary to
use a GPRS network connection. However, given that
GPRS connection has a lower performance than wifi
connection, the search service should not return a picture
of the item to be purchased (case c). In this case, a search
service that does not return a picture of the item needs to
be identified and added to the application. In the next day,
a new service that allows payments for an item to be
executed not only by debiting the value of an item from a
user’s bank account, but also supports credit card
payments becomes available (case d). The application
adds this service and at the next time that the user
attempts to purchase an item, the system offers the user
the option of paying by using a credit card.

Many approaches have been proposed to support
service discovery in general [2][13][15][16][18], and
dynamic service discovery, in particular [6][7][8][26][31].
However, these approaches support dynamic service
discovery based on certain characteristics of the system
using pull mode of query execution.

Unlike the above approaches, in this paper, we
propose a dynamic service discovery framework that
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allows the identification of services based on various
characteristics of the system such as structural,
behavioural, quality, and contextual aspects represented
in query languages. Moreover, our framework allows the
discovery of services that are described from different
perspectives namely interface (WSDL[32]), behavioural
(BPEL[4]), quality (XML-based format), and context
(XML-based format) perspectives acquired from specific
context services.

The framework supports service discovery based on
both pull and push query execution modes in order to
address the situations illustrated above. The pull mode of
query execution is performed by searching service
registries when a service-based application is deployed, in
order to assist with the identification of services that are
initially bound to the application and identification of
candidate replacement services for the bound services.
The push mode of query execution is performed during
execution time of an application to support cases (a) to (d)
above, based on subscribed services and queries and up-
to-date sets of candidate replacement services. The query
execution is based on the computation of distances
between query and services.

The remainder of this paper is structured as follows. In
Section II we present an overview of the framework with
its main components and the languages that it deploys to
represent queries. In Section III we describe the service
discovery process supported by the framework. In Section
IV we discuss implementation and evaluation aspects of
our work. In Section V we give an account of related
work. Finally, in Section VI we discuss concluding
remarks and future work.

II. DYNAMIC SERVICE DISCOVERY FRAMEWORK
A.  Framework Overview

Fig. 1 shows the overall architecture of our dynamic
service discovery framework with its main components.
As shown in the figure, the main components of the
framework are: (i) service requester, (ii) service
matchmaker, (iii) service listener, (iv) service context
server, (v) application context server, and (vi) service
registry intermediary.

The service requester orchestrates the functionality
offered by the other components in the framework. It (a)
receives a service request from a client application as well
as context information about the services and application
environment, (b) prepares service queries to be evaluated,
(c) organises the results of a query and returns these
results to a client application, (d) manages push query
execution mode subscriptions, (e) receives information
from listeners about services that become available or
changes to existing services, (f) invokes the other
components to execute a query.

In the framework, a query may contain different
criteria, namely: (i) structural, specified by service
models describing the interface of a required service; (iii)
behavioural, represented by part of a behavioural model
of the workflow of an application within which a required
service is deployed, describing the functionality of the
required service; and (iii) constraints, specifying extra
conditions for the service to be discovered. These extra
conditions may be concerned with structural, functional,

or quality aspects of a service to be discovered that cannot
be represented by interface or behavioural model
descriptions used in the framework. For example,
specification of the time or cost to execute a certain
operation in a service, the receiver of a message, or the
provider of a service.

The constraints in a query can be contextual or non-
contextual. A contextual constraint is concerned with
information that changes dynamically during the
operation of the service-based application and/or the
services that the system deploys, while a non-contextual
constraint is concerned with static information. The non-
contextual constraints can be hard or soft. A hard
constraint must be satisfied by all discovered services for
a query and are used to filter services that do not comply
with them. The soft constraints do not need to be satisfied
by all discovered services, but are used to rank candidate
services for a query.

In the framework, the contextual constraints are
evaluated as soft given that it is possible to have changes
in the context of the application environment or services
while evaluating the constraints. For example, in the
scenario described in Section I, it is possible that while
the application is trying to identify a service that supports
GPRS connection, the user changes his location to an area
of the city that only supports Bluetooth connection.

The service matchmaker is responsible to parse the
different criteria of a query and evaluate these criteria
against service specifications in the various service
registries. The evaluation of a query is executed in a four-
stage process. In the first stage, hard non-contextual
constraints of a query are matched against services in the
registries returning a set of candidate services that are
compliant with these constraints.

In the second stage, the structural and behavioural
models of a query are evaluated against the structural and
behavioural specifications of services returned by the first
stage in the process, or services in the registries, in the
absence of hard non-contextual constraints in a query.
The structural evaluation is based on the matching of the
names and parameters of the operations of a required
service in a query and the operations of a service. The
matching of the parameters takes into consideration the
data types of the parameters by using a variant of the VF2
sub-graph isomorphism algorithm [29] that we have
developed. The behavioural evaluation is based on the
comparison of state machines representing the
behavioural models of services and queries (see
Subsection I11.A).

In the third stage, the soft non-contextual constraints
of a query are evaluated against specifications of services
returned by the previous stage generating a new set of
candidate services. In the fourth stage, the context
characteristics of the candidate services are matched
against the context constraints in a query.

In order for a query to be executed it needs to contain
at least structural criteria. When a query does not have
behavioural criteria and/or constraints, the candidate
services are not evaluated against the criteria and the
respective stages in the process are not executed.



The service registry intermediary supports the use of
different service registries and the discovery of services
stored in these registries by providing an interface to
access services from various registries. The framework
supports services from registries that are based on a
faceted structure developed in SeCSE project [28]. In this
structure, a service is specified by a set of facets
representing its different aspects such as (i) structural
facets describing the operations of a services with their
data types using WSDL[32], (ii) behavioural facets
describing behavioural models of services in BPEL[4],
(ii1) quality of service facets describing quality aspects of
services represented in XML-based schema, and (iv)
context facets describing the types of context information
for a service and its location represented in XML-based
ontologies.
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Figure 1: Architecture of the framework

The service context server and the application context
server listener allow context information of the services
and application environment, respectively, to be
disseminated. Both context servers enable context
information to be subscribed. In this case, the server sends
updates to the service requester whenever changes of
context occur in the services or application.

The service listener notifies to service requesters
information about a new service that becomes available,
or information about changes in the characteristics of a
service. These notifications are based on subscriptions.

B. Service Discovery Queries

To represent the various criteria for discovery in a
query we use different languages. More specifically, the
structural criteria of a service to be replaced in an
application are described by the WSDL specification of
the service to be replaced. The behavioural criteria are
represented by part of the behavioural model specified in
BPEL of the workflow of the application in which the
service to be replaced is being used. Further constraints
about the service to be discovered are specified in an
XML-based language called Constraint SQL (Constraint
Service Query Language) presented in the following.
Given their wide use, we do not provide descriptions of
WSDL and BPEL.

Constraint_SQL. Fig. 2 shows a graphical representation
of part of the XML schema for specifying constraints. As
shown in the figure, a constraint query is defined as a
single logical expression, a negated logical expression, or
a conjunction or disjunction of two or more logical
expressions, combined by logical operators AND and OR.

A logical expression is defined as an atomic condition, or
logical combination of atomic conditions, over elements
or attributes of service specifications (for non-contextual
constraints) or over context aspects of service operations
(for contextual constraints).

A constraint query has three attributes, namely (a)
weight, specifying a weight in the range of [0.0, 1.0]; (b)
type, indicating whether the constraint is contextual, hard
non-contextual or soft non-contextual, and (c) name,
specifying a description of the constraint. The weight is
used to represent the prioritisations of the parameters in a
query for contextual and soft non-contextual constraints.

D LogicalExpressionType

[E] condition : ConditionType
4

[E] logicalExpression: LogicalExpressionType

icalExpression: LogicalExpressiony
ok L aresonte lgicalOperatr LogicalperatrTpe

el

[E] logicalExpression: LogicalExpressionType

»E negated : boolean
[E] ConstraintQuery

logicalOperator: LogicalOperatorType
i
[E] logicalExpression: LogicalExpressionType

(&] name  : string

(&] weight : double

] type  :string

Figure 2: XML schema for Constraint SQL language

An atomic condition is defined as a relational
operation (equalTo, notEqualTo, lessThan, greateThan,
lessThanEqualTo, greaterThanEqualTo, notEqualTo)
between two operands (operandl and operand?). These
operands can be arithmetic expressions, constants, non-
contextual operands, or contextual operands.

Arithmetic expressions define computations over the
values of elements or attributes in service specification or
context information. They are defined as a sequence of
arithmetic operands or other nested arithmetic expressions
connected by arithmetic operators. The arithmetic
operators supported by the language are: addition (plus),
subtraction (minus), multiplication (multiply), and
division (divide) operators. The arithmetic operands can
be contextual operands, non-contextual operands,
constants, or functions.

A function supports the execution of a complex
computation over a series of arguments. The results of
these computations are numerical values that can be used
as an operand in an arithmetic expression. A function has
a name and a sequence of one or more arguments. Each of
these arguments may be contextual operands, non-
contextual operands, constants, or arithmetic expressions.

A non-contextual operand is defined as a single XPath
expression, or a sequence of two or more XPath
expressions, combined by logical operators AND and OR.
An XPath expression references a service specification
facet against which the XPath will be evaluated, and the
element or attribute in the facet. Therefore, the constraints
can be specified against any element or attribute of any
facet in the registries.



A contextual operand specifies operations that will
provide context information at runtime. More specifically,
a contextual operand describes the semantic category of
context operations instead of the signature of the
operation. This is due to the fact that context operations
may have different signatures across different services. A
contextual operand is defined by declaring (a) the name of
the service operation associated with the contextual
operand and (b) the contextual category of the operation.

<ConstraintQuery name="Query_1"
weight="0.5"  type="soft non-contextual">
<logicalExpression>
<condition negated="false">
<equalTo>
<operand1l> <non-contextualOperand>
<xpathExpression>
<facet><name>QoS</name>
<type>QoS</type></facet>
<xpath> //QoSCharacteristic[Name="speed"]
/Metrics/Metric[Name="ResultReturn"]/
[Unit="seconds"]/MaxValue </xpath>
</xpathExpression>
</non-contextualOperand></operand1>
<operand2><constant>
<value>5</value>
<type>NUMERICAL</type></constant>
</operand2></equalTo></condition>
</logicalExpression>
</ConstraintQuery>

Figure 3.A: Example of a soft non-contextual constraint

<ConstraintQuery name="Query_2"
weight="0.5"
<logicalExpression>
<condition negated="false">
<equalTo>
<operandl>
<contextOperand serviceOperationName="transferAmount">
<contextCategory> <xpathExpression>
<equalTo> <qualifiedXpath>
<ontology>http://localhost:8082/ontology/
CoDAMoS_Extended.xml</ontology>
<xpath>string(/owl:Class/@rdf:1D)</xpath>
</qualifiedXpath>
<constant dataType="STRING">GREDIAAvailability
</constant> </equalTo></xpathExpression>
</contextCategory> </contextOperand></operand1>
<operand2>
<constant dataType="STRING">Hours-24:Days-7
</constant> </operand2></equalTo></condition>
</logicalExpression>
</ConstraintQuery>

type="contextual">

Figure 3.B: Example of a contextual constraint

A contextual category is defined by a logical
expression of conditions over the description of the
category. These conditions are defined by relations over
an XPath expression, or a sequence of XPath expressions,
or constant values. An XPath expression includes a
reference to an XML document and an element or
attribute to be evaluated against this document. The
document in an XPath expression can be the context facet
of a service in the service registry or an ontology that this
context facet uses in order to describe the category of
context service operations. The constraint language can
support different ontologies for describing context and
contextual operations since it does not make any
assumption of the structure and meaning of the ontologies
used to describe semantic categories, apart from the fact
that they need to be described in XML.

A contextual condition is evaluated by checking if the
candidate service has a contextual operation with a
semantic category that satisfies the conditions of the
operation category in the query.

Fig. 3.A shows an example of a soft non-contextual
constraint and Fig. 3.B shows an example of a contextual
constraint for the scenario in Section I. The constraint in
Fig. 3.A refers to the time that it should take to make a
payment for an item by transferring money from the
user’s bank account, which should not be more than five
seconds. The constraint in Fig.3.B refers to the
availability of the service that offers transferring of
money, which should be 24 hours and seven days a week.
This constraint specifies that any candidate service needs
to have a context operation classified under context
category GREDIAAvailability in the ontology, and the
result of executing this operation has to be equal to
(Hours:24; Days:7) for this service to be accepted.

The development and use of a new constraint query
language in our framework has followed a consideration
of possible alternative languages for this purpose,
including XQuery[34], OCL[24], and RuleML[27].
However, XQuery is not adequate to support service
discovery since it returns documents instead of mappings
of service operations or paths of service operations, it is
too complex, and it does not allow for the representation
of quality and contextual characteristics. In the case of
OCL, the use of this language would require the
description of services and context operations to be
represented in UML. This, however, would be restrictive
in an open environment where service discovery should
accommodate different types of service registries and
service representation standards which are not always
object oriented (e.g. BPEL, non functional service
specification facets). Finally, RuleML is also not
appropriate for representing contextual categories and
requires the specifications of actions.

I1I. DYNAMIC SERVICE DISCOVERY PROCESS

In the framework, the dynamic service discovery
process executes queries in both pull and push modes.
More specifically, the pull mode of query execution is
performed to identify services (i) that are initially bound
to an application and their candidate services, (ii) as a pre-
step for the push mode of query execution, and (iii) due to
changes in the context of an application environment.

The push mode of query execution is performed when
the application is running and a service needs to be
replaced due to any of cases (a)-(d) described in Section I.
The framework adopts a proactive discovery process in
which services to replace participating services in an
application are identified in parallel to the execution of
the application, based on subscribed services and queries.
These subscriptions support asynchronous events to be
pushed into listener components used in the framework.
We describe below the matching and the query execution
processes used in the framework to replace services
during application execution time for cases (a)-(d)
described in Section I.

A. Matching Process

The matching process between a query and services is
executed by the service matchmaker based on invocations



received from the service requester in a four-stage
process, as described in Subsection IL.A.

The different criteria in a query are matched against
service specifications based on distance measures
between a query and services. More specifically, the hard
non-contextual constraints of a query are used to filter
services that comply with these constraints, when such
constraints are defined in a query. The other criteria in a
query contributes to the computation of the overall
distance of a service S with respect to a query Q. This
overall distance is specified as:

OD(Q, S) = (DStructural (Q! S) +DBehaviouml (Q: S) +
DSQ/‘i_non-context(Ql S) +D Context (Q, S)) /4

The structural distance (Dsyyenrar (O, S)) between a
service S and the structural criteria of a query Q is
calculated based on the matching of the signature of the
operations in the structural model of a service to be
replaced and the signature of the operations in a service in
the registry. The matching of query and service operations
is based on the comparison of graphs representing the
data types of the parameters of the operations and the
linguistic distances of the names of the operations and
parameters. This matching process uses a variant of the
VF2 [29] subgraph algorithm that we have developed.

Qo’ So’

innnnt outnit innnut outnnt

Figure 4: Example of data type graphs

More specifically, a query operation Qo with data type
graphs of its input parameters ITGq, and its output
parameters OTGg, matches a service operation So with
data type graphs of its input parameters ITGsg, and its
output parameters OTGs,, if ITGsg, is a sub-graph of
ITGq, and OTGq, is a sub-graph of OTGg,. In order
words, Qo matches So, if the data types of the input
(output) parameters of a candidate service operation are
super-types (sub-types) of the input (output) parameters
of the query operation.

Consider m;, the subgraph morphism from ITGsg, to
ITGq, and m,, the subgraph morphism from OTGq, to
OTGes,, the distance between Qo and So is given by:

DStructural(QOJSO) = (DLinguistiC(QO»SO) + Dinput(QO’So) +
Doutput(QOJSO)) /3
where:

" Diinguitic(Q0,S0) is the sum of the linguistic distance of
the names of the operations and the parameters based on
WordNet lexicon [22];

" Dinpu(Q0,S0) = [NotMapEdges(ITGg,)|/|Edges(ITGqo)|
* Doupui(Q0,S0)=NotMapEdges(OTGs,)|/|Edges(OTGs,)|

* NotMapEdges(ITGq,) = {e | e € Edges(ITGq,) and —
3 (x,y) € m;,;: y=e and x € Edges(ITGs,) }

= NotMapEdges(OTGs,) = {e¢ | ¢ € Edges(OTGs,) and —
3 (x,y) € my,: y=e and x € Edges(OTGq,) }

In order to illustrate, consider Qo’:
Search(item:Item):string a query operation, with input
parameter item of composite data type Item formed by
primitive types colour:string, type:string, and size:string,
and  So’:SeachGoods(item:Item):string, a  service
operation with input parameter item of composite data
type Item formed by primitive types colour:string,
type:string, size:string, and maxCost:string. Fig. 4 shows
an example of the data type graphs for the input and
output parameters of query operation
Qo’:Search(item:Item):string and service operation
So’:SearchGoods(item:Item):string. The structural
distance between Qo’ and So’ is:

Dstrucurat (Q07, 80°) = (0.5 + 0.25 + 0)/3 = 0.25, with

DLinguistic(Q0°,S0) = 0.5 (the distance between words
Search and SearchGoods; and item and item)
Dinput(Q0’,80’) = 74 = 0.25 (since maxCost edge in the
graph of So’ has no matching edge in the graph of Qo”)
Douput(Q0’,S0°) = 0 (since the output parameters in Qo’
and So’ are of the same type string)

The behavioural distance (Dgepaviowa (O, S)) between a
service S and the behavioural criteria of a query Q (part of
the workflow application concerned with a service that
needs to be replaced specified in BPEL) is calculated
based on the comparison of the state machines
representing behavioural models of service and query.
More specifically, the behavioural distance is calculated
by verifying if a path p of the state machine of Q (SMg) is
admissible to the state machine of S (SMg). A path p of
SMg, is admissible into SMgif it can be transformed into a
path g of SMg. The transformation of a path p into a path
q is based on the path transformation work proposed by
some of the authors in [20]. The transformation is
generated by comparing all transitions t; (1 <=1 <= |p|) in
p and the transition t; (1 <= j <= |g|) in g. More
specifically, each transition t; in p is traversed and
checked if it can be:

(i) mapped onto the next transition t; in g: t; can be
mapped onto t; if (a) ti is triggered by the dispatch of an
invocation of an operation o, in the required service (a
S.send(o,) event) and t; is a transition triggered by the
receipt of an o, invocation (i.e. a receive(o,) event), or (b)
t,is a transition triggered by the invocation of an operation
o, in the query workflow (i.e., a S.receive(o,) event) and t,
is a transition triggered by an event Q.send(0,), or (c) both
t; and t; are transitions that happen automatically (also
known as “tau” transitions);

(ii) ignored: t; is ignored if it is an internal transition, i.e. a
transition triggered by an internal condition check, an
assignment of a value to an internal variable of the query
workflow, an invocation of an operation in a third party
service, a receipt of the results of an operation invoked in
a third party service, an invocation of an operation by a
third party service, or a reply to an operation invoked by a
third party service; or



(iii) mapped onto the final transition t, of a sub-path of
transitions t,,...,t, (n>=1) in g where t,...,t | are internal
transitions of ¢ that can be ignored subject to the
conditions of (ii) above.

When none of cases (i)-(iii) applies for a transition t;
in path p, the attempt to map p onto a path g of service S
fails and another path of S is considered. If there is no
path ¢ in S to which p can be mapped, the matching
between the query and the service fails. The matching
process may result into a set of alternative mappings of
the paths of the state machine of the query onto the paths
of the state machine of the service. This set is
subsequently used for calculating an aggregated distance
between the query and the service which is used to rank
candidate services with respect to their behavioural
equivalence to the query. The function that is used to
compute such distances is defined as follows:

DBehaviuural(Q:S) = D(SMQ’ SMS) =

= 2w epan_app.yMappDistance(m)/|Path_Mapp(Q,S)|

MappDistance(m) =3 ¢ 1) em Dspucurai(0p(t), 0p(t')/ |m|
where:

= Path Mapp(Q,S) is the set of all the complete
mappings of the paths p in SMQ to the paths in SMS

= Op(t) (Op(t")) is the operation associated with the send
or receive transition t (t')
= D (ol, 02) is the structural distance between

Structural

operations ol and 02

In order to illustrate consider, the state machines of
the behavioural model of query Q’ and the state machine
of the behavioural specification of service S’°, as shown in
Fig. 5. In this case, transitions transfer(amount:real,
from:string, to:string):boolean and
updateAccount(account:string, amount:real):boolean in
the state machine of Q’ are mapped to the transitions with
the same name in the state machine of S’. Given that S’
has an extra transition getBalance(account:string):real,
the behavioural distance between Q’ and S’ is:

DBehavioural(Q );S,) = D(SM()" SMS‘) =1/3=034
Ql

Sl

Figure 5: State machines for query Q' and service S'

The soft non-contextual constraint distance (Do non-
comexd(©Q, S)) 1s calculated based on the weights associated
with all soft non-contextual constraints in a query Q. The
function that is used to compute such distance is:

DSqﬂ_non-context (Q’S) = Z Wi *D (Cl)/ Z Wi Wherey

= C;is a soft non-contextual constraint in Q (1 <i< n);n
is the number of soft non-contextual constraints in Q

= w; is the weight associated with a constraint C; in Q

= D(C)) =0, when C;jis satisfied by service S

= D(C)) = 1, when Cjis not satisfied by service S

The contextual constraint distance (Dconex(Q, S)) 18
calculated based on the weights associated with all
contextual constraints in a query and is given by:

Dcontexs (0,8) =, w; *D(CC,)/ > w;  where,
o CC;is a contextual constraint in Q (1 <= i<=n); n is the
number of contextual constraints in Q
o w; is the weight associated with a constraint CC; in Q
e D(CC)) =0, when CC; s satisfied by service S
e D(CC)) = 1, when CC;is not satisfied by service S

B. Service Discovery Execution

The dynamic service discovery execution in the
framework, requires an application to subscribe its
environment and participating services, together with
queries associated with these services, so that replacement
services can be identified, when notification of changes in
these services and application environments are pushed to
the listeners. In the following, we describe the service
discovery process for replacing a service in an application
when (a) a service becomes malfunctioning or
unavailable, (b) there are changes in the structure,
functionality, quality, or context aspects of a subscribed
service (i.e., changes in the respective facets); (c) there
are changes in the context of an application environment,
or (d) new services become available or existing services
have their characteristics modified.

For cases (b), (c), and (d) above, it is possible that the
replacement of a service in an application should not be
executed immediately after the discovery process is
triggered and a replacement service is identified. For
these cases, it may be better to give continuity to the
execution of an application with its current service,
although this may not be the best service at the moment,
instead of stopping the application in the middle of its
execution to replace a service. For example, in the case of
the scenario in Section I, if a new service that supports
credit card payment becomes available when the
application is debiting the user’s bank account, it is better
to wait to replace this service in the application, instead of
risking charging the user twice.

In order to avoid stopping the application during its
execution to replace a service when this is not desirable,
the approach uses replacement policies associated with
the subscribed services. These policies specify if the
service should be replaced immediately when necessary
or after the application terminates.

In order to follow the description of the service
discovery execution process, consider S a service
participating in application AP that may need to be
replaced; Q a query associated with S; Set S the set of
candidate services for Q, including S, ranked in ascending
order of the distances between the services and query Q.
The candidate services in Set S are services that match
the criteria of query Q and have a distance with Q that is



less or equal to a certain threshold distance. Assume that
S, AP, Q, and Set_S have been subscribed.

The subscription of the services in Set S is to
guarantee that the set of candidate services for S is
maintained up-to-date with respect to query Q and
application AP. More specifically, in the case of changes
in the facets of a service S’ in Set_S (i.e., changes in the
characteristics of S’), the new version of S’ will be
checked against Q and S’ will be maintained or removed
from Set_S, if S” matches Q or not, respectively. In the
case of changes in the environment of AP, the services in
Set S will be checked against these changes. In the case
of a new service that becomes available, or an existing
service that has been modified, and matches Q, this
service will be included in Set_S.

Case (a): Service S becomes malfunctioning or
unavailable.

In this case, service S is replaced by a service S’ in
Set_S which has the smaller distance with Q from all the
services in Set S. Service S is removed from Set S and
unsubscribed.

Service_Facet_Change (S’, F, Q, Dmax, RP)
//S’: subscribed service
//F: new facets for S’
//1Q: query
//RP: Replacement Policy
//Dmax: maximum distance for services in Set_S
Compute new distance Dnew between Q and S’
If ((F do not match Q) or (Dnew > Dmax))
Remove S’ from Set_S;
Unsubscribe S’
Else
Sort Set_S with Dnew
End If
If (S’ in AP)
If (S’ not equal to Set_S[1])
If (S’ is not in Set_S)
Substitute S’ by Set_S[1] in AP
Else
Substitute S’ by Set_S[1] in AP depending on RP
End If
End If
Else
If (S’ equal to Set_S[1])
Substitute service S in AP by S’ depending on RP
End If
End If
End Service_Facet_Change

In the case in which service S’ is the service in the
application (S’ = S), but not a candidate service for Q
anymore, a new service from the set of candidate services
for Q (Set_S) needs to replace S’ so that the application
can continue. If S’ is still a possible candidate service for
Q, but not the first element in the set (i.e., S’ does not
have the smallest distance with Q when compared to the
other elements in the set), the first element in the set may
replace S’ in the application, depending on the
replacement policy.

In the situation in which S’is a service in the set of
candidates, but not the current service in the application,
and S’ has the smallest distance with Q from all the
elements in the set (S’ is the first element in the set), S’
may replace service S in the application, depending on the
replacement policy.

Case (c): Changes in the context of an application
environment.

In this case the context constraint of query Q is
modified and a new query Q’ is created with new context
constraint. Fig. 7 shows the algorithm for this case. As
shown in the figure, service S needs to be evaluated
against the new context constraint in Q’. In the case that S
does not match Q’, the services in Set_S also need to be
evaluated against Q* and a new set of candidate services
(Set_S’) may be generated.

Application_Context_Change (S, Set_S, Q’)
//S: subscribed service in AP
//Set_S: set of candidate services for Q
//Q’: new query with new application context constraint
//Set_S': set of candidate services for Q'
If (S does not match Q')
Unsubscribe S
Rebuild Set_S w.r.t. Q" and generate Set_S’
If (Set_S’ is not empty)
Substitute S by Set_S'[1]
End If
End If
Pull Q'
Rebuild Set_S’ w.r.t. Q’
If (service in AP is not equal to Set_S’[1])
Susbstitute service in AP by Set_S'[1]
End If
End Application_Context_Change

Figure 6: Algorithm for changes in a subscribed service

Case (b): Changes in the structural, functional, quality,
or context characteristics of a subscribed service S’

Consider S’ a service participating in AP (S” = S) or
another service in Set S (S” # S). In this case new
versions of the structural, functional, quality, or context
facets for S’ are included in the service registry. Fig. 6
shows the algorithm for this case.

As shown in Fig. 6, a new overall distance between Q
and S’ is calculated. In addition, the new versions of the
changed facets need to be evaluated against query Q to
verify if these facets match the query, or if the current
version of service S’ can still be a candidate service for Q
(i.e., the new distance between service S’ and query Q is
below the threshold distance).

Figure 7: Algorithm for change in the application context

This is in order to try to identify a service S’ in Set_S
that can fulfil Q’(although S’ may not be the best service
for Q’ of all available services in the registry) so that the
application can continue its execution while trying to find
new services that match Q’ from the service registries.
The use of a service in the application that may not be the
best match to query Q’ is acceptable since context
constraint is used for ranking the service with respect to a
query and not as a filtering constraint.

If the new set of candidate services is not empty, the
first element in the set is used to replace S in the
application to allow it to continue. In any case, query Q’
is executed against the services in the registries (pull
mode of execution) in order to build a set of candidate
services for the new query Q’ and replace the service in
the application by the best service identified for query Q’.

Case (d): 4 new service (S’) becomes available or an
existing service (S’) has its characteristics modified.




In this case, for services that have its characteristics
modified we are referring to services in the registry that
are not subscribed services (i.e., services that are not
participating in the application or are not candidate
services for the queries associated with the application -
we have discussed these services in Case (b)).

The new available or modified service in the registry
(S’) needs to be evaluated against query Q and, depending
on the result, S* may replace S in the application. Fig. 8
shows the algorithm for this case.

As shown in Fig. 8, it is possible that the new
available service is better than service S, but the
application may be in the middle of its execution and the
immediate replacement of service S is not desirable.

New_Modified_Service (S, S’, Q, Dmax, RP)
//S: subscribed service in AP
//S’: new available or modified service
//1Q: query
//Dmax: maximum distance for services in Set_S
//RP: replacement policy for S
Compute distance Dnew between Q and §'
If (Dnew <= Dmax)
Add S’ to Set_S
Subscribe S’
Sort Set_S with Dnew
If S == Set_S[1]
Substitute S by S’ in AP following RP
End If
End If
End New_Modified_Service

Figure 8: Algorithm for new available or modified service

IV. IMPLEMENTATION ASPECTS AND EVALUATION

A prototype tool of the framework has been
implemented in Java. The tool is exposed as a web service
using Apache Axis2 [1], allowing its deployment by any
client that can produce service requests in the format
required by the framework. Moreover, the specification of
service subscriptions for the push mode of query
execution is assisted by WS-Eventing [33] model and by
an event receiver on the application to support the
delivery of push mode notifications. The external service
registry uses eXist database [10] and communications
with the registry is through the use of Remote Method
Invocation (RMI).

To evaluate the performance of the service discovery
process, we have executed a set of experiments. Our
evaluation focuses on the performance of executing query
matching with structural, behavioural, non-contextual,
and contextual conditions. More specifically, we have
evaluated the time for executing five queries with the
following criteria:

Ql: structural only;

Q2: structural and behavioural,

Q3: structural, behavioural, and soft non-contextual;

Q4: structural, behavioural, and contextual;

Q5: structural, behavioural, soft non-contextual, and
contextual.

The queries used in the experiment were related to the
on-the-go mobile purchase application described in
Section 1. These queries were specified to identify
candidate services to replace the service that allows an

item to be paid by transferring money from the user’s
bank account after checking for account’s balance.

The structural criteria of queries Q1 to Q5 are
described in the WSDL specification of the service to be
replaced, the behavioural criteria are represented in
BPEL, and the non-contextual and contextual constraints
are represented in Constraint SOQL. Fig. 9 shows the
operations of the structural parts of the queries with their
respective parameters. The non-contextual constraint used
in the queries is concerned with the time to pay for an
item, as described in Fig. 3.A. The contextual constraint is
concerned with the availability of the service as described
in Fig. 3.B. Due to lack of space we do not present here
the WSDL and BPEL specifications used in the queries,
but they can be found in [9].

We have executed queries QI to Q5 against a service
registry with 80 services, 320 service facets (each service
has a structural, a behavioural, a quality, and a contextual
facet), and 400 operations. The services in the registry
were related to online retailing, search engines, banking,
and travel planning.

The performance for each query was evaluated
incrementally for 20, 40, 60, and 80 services in order to
analyse how the increase in the number of services affects
the execution time. The time taken for each query in each
registry increment was calculated as the average of five
executions of the query using a Pentium 3.00 GHz with
1GB RAM machine.

credit(accountld:string, amount:double):balance
transferAmount(fromAccountld:int, toAccountlD:int,
amount:double).:boolean
debit(accountld:string, amount:double):balance
getBalance(accountlD:string)-balance

Figure 9: Operations in the queries

TABLEI. EXPERIMENTS RESULTS IN SECONDS

# of Registry Q1 Q2 Q3 Q4 Q5
Services | Retrieval

20 29.36 9.78 11.16 11.25 12.36 12.45
40 48.70 12.60 | 19.70 19.81 2090 | 21.03
60 63.93 15.00 | 27.65 | 27.76 | 29.01 29.12
80 87.26 17.84 | 35.72 | 35.81 37.03 37.12

Table 1 shows this time in seconds for the five queries
and different numbers of services, as well as the average
time required for retrieving the services from the registry.
Fig. 10 shows these results in a graph. As shown in Table
1, the time for matching queries increases linearly with
the addition of more services in the registry. The results in
Table 1 and Fig. 10 demonstrate that there is an increase
in the time to execute structural and behavioural matching
(Q2) when compared to the time spent to execute
structural matching only (Q1).

Moreover, the experiment also shows that the
performance in queries Q3 and Q4 is similar to the
performance in query Q2, with query Q4 being slightly
higher than query Q3. This is because, the matching of
soft non-contextual and contextual constraints is executed
in the set of services returned after the matching of
structural and behavioural constraints, which has a
smaller number of services when compared to the
structural and behavioural matching that are evaluated
against the services in the registries. More specifically,




out of the 80 services used in the experiments, only five
services matched the structural and behavioural criteria
used in the queries and were, therefore, evaluated against
soft non-contextual and contextual constraints.

90 -
807 / ——RTT
70

0

g 60 —=- Q1

ﬁj 50 82

© 40 |

e 5
20 _— @@ | |-eQ5
10 +

20 40 60 80
No. of Services

Figure 10: Average performance for queries Q1 — Q5

Furthermore, the higher performance for query Q4
when compared to query Q3 is because contextual
matching requires evaluation of contextual operations at
runtime before checking the contextual facet of a service
against a query. A comparison of the time in seconds to
execute (i) structural and behavioural, (ii) soft non-
contextual, and (iii) contextual criteria in a query for a
single service, without considering the time to retrieve
services from the registry, is shown in Fig. 11.

Contextual
36%

Structural +
Behavioural
61%

Non-contextual
3%

structural + behavioural | non-contextual | contextual
1.37 0.07 0.82

Figure 11: Results for a single service in seconds

The experiment also demonstrated that the time
required to retrieve services from the registry is much
higher than the time for executing query matching. Thus,
the proactive push mode of query execution in which
replacement services are identified in parallel to the
execution of an application provides a substantial
reduction in the time required for identifying services at
runtime. Moreover, as described in Subsection III.B,
except in situations where there is change in the context
of an application, a replacement service is identified by
evaluating queries against up-to-date sets of limited
number of candidate services rather than entire registries.

Overall, the results of our experiment have
demonstrated a good performance for query execution
which when combined with the push mode of execution
can provide an efficient service discovery process.

V. RELATED WORK

Several approaches have been proposed to support
service discovery. We present below an account of some
of these approaches.

Service discovery is supported by semantic
matchmaking approaches based on logic reasoning over
terminological concept relations defined by ontologies
[2][14][16][18][19][21]. The METEOR-S [2] system
adopts a constraint driven service discovery approach in
which service requests are integrated into the composition
process of a service-based system. In [13] service
discovery is based on matching requests specified in a
variant of Description Logic (DL). The work in [18]
supports explicit and implicit service semantics and uses
logic based approximate matching and IR techniques.

Hausmann et al. [12] specify requests and services
using graph transformation rules. The approach in [16]
focuses on operation signature checking based on string
matching, but it is limited since it cannot account for
changes in the order or names of the parameters. The
approach in [12] advocates the use of (abstract)
behavioural models of services to increase the precision
of the discovery process. Similarly, in [30], the authors
use service behaviour signatures to improve service
discovery. In [23] and [25], the discovery of software
components is also based on behavioural specifications of
the components being sought. The works in [11] and [31],
describe functional and quality cross cutting concerns of
components and services as aspects and discovery is
based on a formal analysis and wvalidation of these
descriptions.

Several approaches have also been proposed to
support context awareness in service discovery
[B15106]1[7]1[8][17][26]. In [8], context information is
represented by key-value pairs attached to the edges of a
graph representing service classifications. This approach
does not integrate context information with behavioural
and quality matching and, context information is stored
explicitly in a service repository that must be updated
following context changes. In [5] queries, services, and
context information are expressed in ontologies. Context
information in this approach can also be used as an
implicit input to a service that is not explicitly provided
by the user (e.g. user location). The approach in [3]
focuses on user context information (e.g. location and
time) and uses it to discover the most appropriate network
operator before making phone calls. Other approaches
focusing on discovery protocols in mobile computing also
support context [6][26].

The work in [35] locates components based on
context-aware browsing. In this approach, the interaction
of software developers with the development environment
is monitored and candidate components that match the
development context based on signature matching are
identified and presented to developers for browsing. The
above context-aware approaches support simple
conditions regarding context information in service
discovery, do not fully integrate context with behavioural
criteria in service discovery, and have limited
applicability since they depend on the use of specific
ontologies for the expression of context conditions.

Overall, most of the proposed approaches support
service discovery for only specific types of service
criteria and only in pull mode. Unlike them, our
framework supports dynamic service discovery based on
a comprehensive set of service and application properties
including structural, functional, quality, and contextual



properties. It also provides both pull and push service
discovery mechanisms, optimising service replacement
during the execution of an application. Furthermore, we
provide an expressive query language allowing the
specification of a wide spectrum of constraints for the
required services and uses fine grain quantification of
similarities between queries and services based on
distance measures.

VI. CONCLUSION AND FINAL REMARKS

In this paper we have presented a framework for
dynamic service discovery that allows the identification
of services described from different perspectives and
based on different characteristics such as structural,
functional, quality, and contextual aspects, which are
represented in complex query languages.

The intended users of this framework are the
developers of service-based applications. These
developers are responsible for writing the application
code as well as for specifying the queries to be executed
in order to discover replacement services when the
services used in the application fail to satisfy certain
criteria at runtime. The part of the queries that needs to be
manually specified by developers includes only the
contextual and non-contextual constraints for required
services, since the behavioural and structural parts of the
queries can be automatically extracted from the
specification of the workflow of the application and
interface specifications of the services that are deployed
in the application. Service discovery queries could also be
modified at runtime by either developers or system
administrators of the application provided that the latter
have a good wunderstanding of the application
requirements, design, and functionality.

The presented framework supports both pull and push
modes of query execution and the matching of queries
with services is based on the computation of distances.
Furthermore, a prototype implementation of the
framework has been developed and used to evaluate the
framework in terms of performance with positive results.

We are currently investigating ways of defining
replacement policies and conducting experiments to
measure the frequency of changes of different contextual
aspects of the services in order to identify ways of
optimising the push mode of query execution.
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