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Abstract
The success of the Web Service (WS) paradigm has led to a proliferation of available WSs. As
these WSs are advertised in inter and intra-organizational registries/repositories, they have
to be discovered based on the functional needs of the user. However, these registries rely on
the current WS standard stack that uses WSDL and UDDI for WS description and discovery.
Unfortunately, these two standard languages are based on the use of static descriptions of
service interfaces and other general non-functional service attributes for publishing and
nding WSs. This situation creates two problems. Firstly, syntactic discovery e orts return
imprecise and inaccurate results. Secondly, no means are provided in order to select among
multiple services that appear to perform the same function.
The rst problem is solved by combining Semantic Web (SW) and WS technologies.
Ontologies are used, which provide meaning to concepts and relationships between them and
thus lead to semantic WS descriptions and discovery algorithms. These enhanced discovery
algorithms equipped with SW technologies provide more precise and accurate results. One
recent result of the joint SW and WS e orts is OWL-S, which is currently a W3C member
submission.
The second problem can be solved by taking into account a big subset of all possible
non-functional properties of WSs, which is called QoS (Quality of Service). QoS is closely
related with the performance of a WS as well as with other features and characteristics
of a WS that bear on its ability to satisfy stated or implied needs. Therefore it has a
substantial impact on user's expectations from a service and can be used as a discriminating
factor between functionally equivalent WS advertisements. Thus WS descriptions must be
enhanced with QoS descriptions. Additionally, WS discovery algorithms should perform
QoS-based ltering (matchmaking) and ranking (selection) on WS advertisements in order
to produce fewer ranked results.
A QoS o er (or demand ) of a WS is a set of constraints/restrictions on some QoS
attributes that restrict them to have certain values (for unary constraints) or certain combinations of values (for n-ary constraints). Actually, the current modeling e orts of QoS o ers
or demands only di er in the expressiveness of these constraints. However, when it comes
to QoS attributes/metrics modeling, these e orts fail. The rst reason is because the QoS
attribute de nition is syntactic. Another reason is that the QoS attribute model is not rich
enough, not incorporating the de nition of measurement units, currency units, measured
properties and measurement methods. The last reason of failure is that the QoS attribute
iii

model is not extensible or when it is extended, the underlying computation (matchmaking
and selection) model must be changed as a consequence.
Based on the above inabilities of the current state-of-the-art QoS description models of
WSs, the rst part of this thesis is dedicated to conducting a research on all QoS-based WS
description e orts in order to unveil those features and parts that are necessary for a QoS
description model of WSs. The result is a set of requirements for a rich, semantic and extensible QoS-based WS description. Based on these requirements, an ontology language called
OWL-Q has been carefully designed and created by using the OWL ontology speci cation
and by extending OWL-S. OWL-Q is separated into many facets, each capturing a particular facet of QoS-based WS description, that could be extended independently from each
other. As OWL-Q is an upper-level ontology, a mid-level ontology has also been created for
describing domain-independent QoS attributes like response time or availability. Moreover,
a low-level ontology has been created to describe those QoS attributes that are speci c to
the Trac Monitoring application domain like refresh time and coverage.
Although the use of ontologies has great advantages, it also presents some disadvantages. One such disadvantage is the creation of di erent ontological descriptions of the
same concept by two or more users. Concerning the QoS domain, this can be true for QoS
metrics (measurement objects of QoS attributes). We argue that the state-of-the-art ontology alignment algorithms cannot be used in this case because of the use of mathematics
for deriving complex QoS metrics from simpler ones. For this reason, we have devised a
twofold solution to this problem: a) a semantic QoS metric matching algorithm that derives
if two QoS metrics speci ed in di erent OWL-Q descriptions are equivalent and b) based on
this matching algorithm, an alignment algorithm for aligning OWL-Q descriptions of WS
providers and requesters. These two implemented algorithms have been evaluated based on
a speci c scenario taken from the Trac Monitoring application domain. The experimental
results showed that our alignment algorithm is quite promising.
There are two main approaches for QoS-based WS matchmaking: onto-logy-based and
Constraint Programming (CP) -based. The rst approach su ers from performance problems
due to the use of ontology reasoners. The second approach is fast but the two research
works adopting it return inaccurate results and do not provide advanced categorization of
results. Inaccuracy of results is caused both by the syntactic matching of QoS terms like QoS
metrics and by wrong matchmaking metrics. In addition, both approaches do not provide
useful results for over-constrained QoS demands. In this thesis, we argue that the CP-based
approach is better but has to be enhanced in many ways. The rst enhancement is the
solving technique. Based on previous research results in Mixed-Integer Programming (MIP)
and CP elds, MIP must be used when only linear constraints are present on QoS demands
and o ers while CP must be used when non-linear constraints are also present. The second
enhancement is the use of appropriate matchmaking metrics that take into account the fact
that some user constraints should not be used in matchmaking. Another enhancement is the
use of optimization techniques especially in cases where there are over-constrained demands.
All matchmaking algorithms that have been devised and implemented were evaluated based
on a framework producing random QoS-based WS descriptions. The results experimentally
prove the theoretical properties of our QoS-based WS matchmaking algorithms.

As can be seen from the above description, a semantic framework for QoS-based WS
description and discovery was produced in this thesis. The impacts of these results comprise
the following. First of all, complete and semantic QoS-based description and alignment of
WSs is provided and supported. Secondly, the results of the WS functional matchmaking
process are further ltered based on user-provided QoS constraints and by selecting an
appropriate matchmaking algorithm according to the nature of these constraints. Thirdly,
the ltered results are ranked based on user QoS criteria, thus helping WS requesters in the
selection of the best WS advertisement. Another bene t is in WS composition, where our
QoS-based discovery algorithms can be exploited for the runtime selection of component
services based on QoS criteria/constraints. Last but not least, by supporting the QoSbased description and runtime selection of WSs, QoS management of Web Processes (WPs)
becomes more realistic to implement, thus providing many bene ts for businesses, such
as monitoring of WPs, triggering and evaluating alternative adaptation strategies, better
resource utilization and increase of economical pro ts.

Ðåñßëçøç
Ç åðéôõ÷ßá ôïõ ðáñáäåßãìáôïò ôùí Äéáäéêôõáêþí Õðçñåóéþí (ÄÕ) Ý÷åé ïäçãÞóåé óôçí åîÜðëùóç ôùí ÄÕ. ÅðåéäÞ ïé ÄÕ äçìïóéïðïéïýíôáé óå åíäü êáé äéá-åðé÷åéñçóéáêÝò áðïèÞêåò,
ðñÝðåé íá áíáêáëõöèïýí ìå âÜóç ôéò ëåéôïõñãéêÝò áíÜãêåò ôïõ ÷ñÞóôç. ¼ìùò, áõôÝò ïé
áðïèÞêåò âáóßæïíôáé óôç ôñÝ÷ïõóá óôïßâá ðñüôõðùí ôå÷íïëïãéþí ÄÕ, ç ïðïßá ÷ñçóéìïðïéåß
ôéò ãëþóóåò WSDL êáé UDDI ãéá ôçí ðåñéãñáöÞ êáé áíáêÜëõøç ÄÕ. Äõóôõ÷þò, áõôÝò ïé äýï
ðñüôõðåò ãëþóóåò âáóßæïíôáé óôç ÷ñÞóç óõíôáêôéêþí ðåñéãñáöþí ôùí äéåðáöþí êáé Üëëùí
ãåíéêþí êáé ìç ëåéôïõñãéêþí éäéïôÞôùí ôùí ÄÕ ãéá ôç äçìïóßåõóç êáé åýñåóÞ ôïõò. ÁõôÞ
ç êáôÜóôáóç äçìéïõñãåß äýï ðñïâëÞìáôá. Ðñþôïí, ïé ðñïóðÜèåéåò óõíôáêôéêÞò áíáêÜëõøçò
ÄÕ åðéóôñÝöïõí ìç áêñéâÞ áðïôåëÝóìáôá. Äåýôåñïí, äåí õðÜñ÷åé ôñüðïò åðéëïãÞò áíÜìåóá
óå ðïëëÝò ÄÕ ðïõ åêôåëïýí ôçí ßäéá ëåéôïõñãßá.
Ôï ðñþôï ðñüâëçìá åðéëýåôáé ìå ôï óõíäõáóìü ôùí ôå÷íïëïãéþí ôïõ Óçìáóéïëïãéêïý
Äéêôýïõ (ÓÄ) êáé ôùí ÄÕ. ×ñçóéìïðïéïýíôáé ïíôïëïãßåò, ïé ïðïßåò ðñïóöÝñïõí íüçìá
óôéò ïíôüôçôåò êáé óôéò ó÷Ýóåéò áíÜìåóÜ ôïõò êáé óõíåðþò ïäçãïýí óå óçìáóéïëïãéêïýò
áëãïñßèìïõò ðåñéãñáöÞò êáé áíáêÜëõøçò ÄÕ. Áõôïß ïé åìðëïõôéóìÝíïé áëãüñéèìïé áíáêÜëõøçò
ìå ôå÷íïëïãßåò ÓÄ ðáñÝ÷ïõí ðéï áêñéâÞ áðïôåëÝóìáôá. ¸íá ðñüóöáôï áðïôÝëåóìá ôùí
êïéíþí ðñïóðáèåéþí ÓÄ êáé ÄÕ åßíáé ç ãëþóóá OWL-S.
Ôï äåýôåñï ðñüâëçìá ìðïñåß íá åðéëõèåß ëïãáñéÜæïíôáò Ýíá ìåãÜëï õðïóýíïëï üëùí
ôùí äõíáôþí ìç ëåéôïõñãéêþí éäéïôÞôùí ôùí ÄÕ ðïõ ïíïìÜæåôáé Ðïéüôçôá Õðçñåóßáò (ÐÕ)
(Quality of Service). Ç ÐÕ ó÷åôßæåôáé Üìåóá ìå ôçí áðüäïóç ôùí ÄÕ êáèþò åðßóçò êáé
ìå Üëëá ÷áñáêôçñéóôéêÜ ôùí ÄÕ ðïõ ó÷åôßæïíôáé ìå ôçí éêáíüôçôá ôùí ÄÕ íá éêáíïðïéïýí
äçëùìÝíåò Þ óõíåðáãüìåíåò áíÜãêåò. ÅðïìÝíùò, ç ÐÕ Ý÷åé ïõóéþäçò áíôßêôõðï óôéò ðñïóäïêßåò ôïõ ÷ñÞóôç áðü ìéá ÄÕ êáé ìðïñåß íá ÷ñçóéìïðïéçèåß ùò Ýíáò ðáñÜãïíôáò äéáöïñïðïßçóçò
ôùí ëåéôïõñãéêÜ éóïäýíáìùí ÄÕ. Óõíåðþò, ïé ðåñéãñáöÝò ÄÕ ðñÝðåé íá åìðëïõôéóôïýí ìå
ðåñéãñáöÝò ÐÕ. ÅðéðëÝïí, ïé áëãüñéèìïé áíáêÜëõøçò ÄÕ ðñÝðåé íá åêôåëïýí âáóéóìÝíï óå
ÐÕ ôáßñéáãìá êáé åðéëïãÞ ôùí äéáöçìßóåùí ÄÕ þóôå íá ðáñÜãïõí ðéï ëßãá êáé ôáîéíïìçìÝíá
áðïôåëÝóìáôá.
Ìéá ÐñïóöïñÜ ÐÕ (Þ Áðáßôçóç ) ÄÕ åßíáé Ýíá óýíïëï áðü ðåñéïñéóìïýò óå ïñéóìÝíåò
éäéüôçôåò ÐÕ, ðïõ ôéò ðåñéïñßæïõí íá Ý÷ïõí óõãêñéêñéìÝíåò ôéìÝò (ïé ìïíáäéáßïé ðåñéïñéóìïß)
Þ óõãêåêñéìÝíïõò óõíäõáóìïýò ôéìþí (ïé ìç ìïíáäéáßïé ðåñéïñéóìïß). ÌÜëéóôá, ïé ôñÝ÷ïõóåò
ðñïóðÜèåéåò ìïíôåëïðïßçóçò ðñïóöïñþí Þ áðáéôÞóåùí ÄÕ äéáöÝñïõí ìüíï óôçí åêöñáóôéêüôçôá áõôþí ôùí ðåñéïñéóìþí. ¼ìùò, üóïí áöïñÜ ôçí ìïíôåëïðïßçóç éäéïôÞôùí Þ
ìåôñéêþí ÐÕ, áõôÝò ïé ðñïóðÜèåéåò áðïôõã÷Üíïõí. Ï ðñþôïò ëüãïò åßíáé üôé ï ïñéóìüò
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éäéïôÞôùí ÐÕ ãßíåôáé óõíôáêôéêÜ. ¸íá Üëëïò ëüãïò åßíáé üôé ôï ìïíôÝëï éäéïôÞôùí ÐÕ
äåí åßíáé áñêåôÜ ðëïýóéï, ìç åíóùìáôþíïíôáò ôïí ïñéóìü ìïíÜäùí ìÝôñçóçò, ìïíÜäùí
óõíáëëÜãìáôïò, éäéïôÞôùí êáé ìåèüäùí ìÝôñçóçò. Ï ôåëåõôáßïò ëüãïò áðïôõ÷ßáò åßíáé üôé
ôï ìïíôÝëï éäéïôÞôùí ÐÕ äåí åßíáé åðåêôÜóéìï Þ üôáí åðåêôåßíåôáé, ôï õðïêåßìåíï ìïíôÝëï
õðïëïãéóìïý (ðïõ áöïñÜ ôï ôáßñéáãìá êáé ôçí åðéëïãÞ ðåñéãñáöþí ÄÕ) ðñÝðåé íá áëëá÷èåß
ùò óõíÝðåéá ôçò åðÝêôáóçò.
Ìå âÜóç ôéò ðáñáðÜíù áäõíáìßåò ôùí ôñÝ÷ïõóùí ìïíôÝëùí ðåñéãñáöÞò ÐÕ ãéá ÄÕ, ôï
ðñþôï ìÝñïò áõôÞò ôçò äéáôñéâÞò áöéåñþíåôáé óôçí äéåîáãùãÞ Ýñåõíáò óå üëåò ôéò ðñïóðÜèåéåò
ðåñéãñáöÞò ÐÕ ãéá ÄÕ þóôå íá áíáêáëýøåé åêåßíá ôá ÷áñáêôçñéóôéêÜ êáé ìÝñç ðïõ åßíáé
áíáãêáßá ãéá Ýíá ìïíôÝëï ðåñéãñáöÞò ÐÕ ãéá ÄÕ. Ôï áðïôÝëåóìá ôçò Ýñåõíáò Þôáí Ýíá
óýíïëï áðü áðáéôÞóåéò ãéá ìéá ðëïýóéá, óçìáóéïëïãéêÞ êáé åðåêôÜóéìÞ ðåñéãñáöÞ ÄÕ ìå
âÜóç ôçí ÐÕ ôïõò. Ìå âÜóç ôéò ðáñáðÜíù áðáéôÞóåéò, ìéá ïíôïëïãéêÞ ãëþóóá ìå üíïìá
OWL-Q ó÷åäéÜóôçêå êáé äçìéïõñãÞèçêå ÷ñçóéìïðïéþíôáò ôïí ðñïóäéïñéóìü ïíôïëïãéþí
OWL êáé åðåêôåßíïíôáò ôçí OWL-S. Ç OWL-Q äéá÷þñéæåôáé óå ðïëëÜ ìÝñç, üðïõ ôï êáèÝíá
óõëëáìâÜíåé ìéá éäéáßôåñç üøç ôçò ðåñéãñáöÞò ÄÕ ìå âÜóç ôçí ÐÕ åíþ ìðïñåß íá åðåêôáèåß
áíåîÜñôçôá áðü üëá ôá Üëëá. ÅðåéäÞ ç OWL-Q åßíáé ìéá ïíôïëïãßá áíþôåñïõ åðéðÝäïõ, ìéá
ïíôïëïãßá ìÝóïõ åðéðÝäïõ äçìéïõñãÞèçêå ãéá ôçí ðåñéãñáöÞ éäéïôÞôùí ÐÕ áíåîÜñôçôùí áðü
ôï ðåäßï åöáñìïãÞò, üðùò ôï ÷ñüíï áðüêñéóçò Þ ôç äéáèåóéìüôçôá. ÅðéðëÝïí, ìéá ïíôïëïãßá
êáôþôåñïõ åðéðÝäïõ äçìéïõñãÞèçêå ãéá ôçí ðåñéãñáöÞ åêåßíùí ôùí éäéïôÞôùí ÐÕ ðïõ åßíáé
óõãêåêñéìÝíåò ùò ðñïò ôï ðåäßï åöáñìïãÞò ôçò Ðáñáêïëïýèçóçò ôçò Êõêëïöïñßáò, üðùò
åßíáé ï ÷ñüíïò áíáíÝùóçò êáé ç êÜëõøç.
Áí êáé ç ÷ñÞóç ïíôïëïãéþí Ý÷åé óçìáíôéêÜ ðëåïíåêôÞìáôá, ðáñïõóéÜæåé åðßóçò êáé ïñéóìÝíá ìåéïíåêôÞìáôá. ¸íá ôÝôïéï ìåéïíÝêôçìá åßíáé ç äçìéïõñãßá äéáöïñåôéêþí ðåñéãñáöþí
ãéá ôçí ßäéá ïíôüôçôá áðü äýï Þ ðáñáðÜíù ÷ñÞóôåò. ¼óïí áöïñÜ ôï ðåäßï ôçò ÐÕ, ôï
ðáñáðÜíù åßíáé áëçèÝò ãéá ôéò ìåôñéêÝò ÐÕ. Õðïóôçñßæïõìå üôé ïé ôñÝ÷ïõóáò ôå÷íïëïãßáò
áëãüñéèìïé åõèõãñÜììéóçò äåí ìðïñïýí íá ÷ñçóéìïðïéçèïýí óå áõôÞ ôç ðåñßðôùóç åîáéôßáò
ôçò ÷ñÞóçò ôùí ìáèçìáôéêþí ãéá ôçí ðáñáãùãÞ ðïëýðëïêùí ìåôñéêþí ÐÕ áðü ðéï áðëÝò. Ãéá
áõôü ôï ëüãï, Ý÷ïõìå åðéíïÞóåé ìéá äéðëÞ ëýóç óå áõôü ôï ðñüâëçìá: á) Ýíá óçìáóéïëïãéêü
áëãüñéèìï ôáéñéÜãìáôïò ìåôñéêþí ÐÕ ðïõ åîÜãåé áí äýï ìåôñéêÝò ÐÕ ðåñéãñáöüìåíåò áðü
äéáöïñåôéêïýò OWL-Q ðñïóäéïñéóìïýò åßíáé éóïäýíáìåò, â) ìå âÜóç ôïí áëãüñéèìï ôáéñéÜãìáôïò, Ýíá áëãüñéèìï åõèõãñÜììéóçò ãéá ôçí åõèõãñÜììéóç ôùí OWL-Q ðåñéãñáöþí
ðñïåñ÷üìåíùí áðü ðáñï÷åßò Þ áéôïýíôåò ÄÕ. Ïé äýï áõôïß õëïðïéçìÝíïé áëãüñéèìïé Ý÷ïõí
áðïôéìçèåß ìå âÜóç Ýíá óõãêåêñéìÝíï óåíÜñéï áðü ôï ðåäßï åöáñìïãÞò ôçò ðáñáêïëïýèçóçò
ôçò êõêëïöïñßáò. Ôá ðåéñáìáôéêÜ áðïôåëÝóìáôá Ýäåéîáí üôé ï áëãüñéèìïò åõèõãñÜììéóçò
åßíáé áñêåôÜ õðïó÷üìåíïò.
ÕðÜñ÷ïõí äýï ðñïóåããßóåéò ãéá ôï ôáßñéáãìá ÄÕ ìå âÜóç ôç ÐÕ: ïíôïëïãéêÝò êáé
âáóéæüìåíåò óôïí Ðñïãñáììáôéóìü ìå Ðåñéïñéóìïýò (ÐÐ). Ç ðñþôç ðñïóÝããéóç õðïöÝñåé áðü
ðñïâëÞìáôá áðüäïóçò åîáéôßáò ôçò ÷ñÞóçò ôùí ontology reasoners. Ç äåýôåñç ðñïóÝããéóç
åßíáé áñêåôÜ ãñÞãïñç áëëÜ ïé äýï åñåõíçôéêÝò åñãáóßåò ðïõ ôçí õéïèåôïýí åðéóôñÝöïõí ìç
áêñéâÞ áðïôåëÝóìáôá êáé äåí ðáñÝ÷ïõí ðñïçãìÝíç êáôçãïñéïðïßçóç ôùí áðïôåëåóìÜôùí. Ç
áíáêñßâåéá ôùí áðïôåëåóìÜôùí ïöåßëåôáé ôüóï óôï óõíôáêôéêü ôáßñéáãìá ôùí üñùí ÐÕ üðùò
ôùí ìåôñéêþí ÐÕ üóï êáé óå ëáíèáóìÝíåò ìåôñéêÝò ôáéñéÜãìáôïò. ÅðéðñïóèÝôùò, êáé ïé äýï
ðñïóåããßóåéò äåí ðáñÝ÷ïõí ÷ñÞóéìá áðïôåëÝóìáôá ãéá õðåñ-ðåñéïñéóìÝíåò áðáéôÞóåéò. Óå

áõôÞ ôç äéáôñéâÞ, õðïóôçñßæïõìå üôé ç ðñïóÝããéóç âáóéóìÝíç óôïí ÐÐ åßíáé êáëýôåñç áëëÜ
ðñÝðåé íá åðåêôáèåß ìå ðïëëïýò ôñüðïõò. Ç ðñþôç åðÝêôáóç áöïñÜ ôçí ôå÷íéêÞ åðßëõóçò
ðåñéïñéóìþí. Ìå âÜóç ðñïçãïýìåíá áðïôåëÝóìáôá óôá ðåäßá ôïõ ÁêÝñáéïõ Ðñïãñáììáôéóìïý
(ÁÐ) êáé ôïõ ÐÐ, ï ÁÐ ðñÝðåé íá ÷ñçóéìïðïéåßôáé ìüíï üôáí ãñáììéêïß ðåñéïñéóìïß ðåñéÝ÷ïíôáé óôéò áðáéôÞóåéò êáé ðñïóöïñÝò ÐÕ, åíþ ï ÐÐ ðñÝðåé íá ÷ñçóéìïðïéåßôáé üôáí ìç
ãñáììéêïß ðåñéïñéóìïß åðßóçò ðåñéÝ÷ïíôáé óôéò ðåñéãñáöÝò ÐÕ ôùí ÄÕ. Ç äåýôåñç åðÝêôáóç
áöïñÜ ôç ÷ñÞóç êáôÜëëçëùí ìåôñéêþí ôáéñéÜãìáôïò ðïõ ëáìâÜíïõí õðüøç ôï ãåãïíüò üôé
ïñéóìÝíïé ðåñéïñéóìïß ôïõ ÷ñÞóç äåí ðñÝðåé íá ÷ñçóéìïðïéçèïýí êáôÜ ôï ôáßñéáãìá. ¢ëëç ìéá
åðÝêôáóç áöïñÜ ôç ÷ñÞóç ôå÷íéêþí âåëôéóôïðïßçóçò åéäéêÜ óôéò ðåñéðôþóåéò üðïõ õðÜñ÷ïõí
õðåñ-ðåñéïñéóìÝíåò áðáéôÞóåéò. ¼ëïé ïé áëãüñéèìïé ôáéñéÜãìáôïò ðïõ Ý÷ïõí åðéíïçèåß êáé
õëïðïéçèåß áðïôéìÞèçêáí ìå âÜóç Ýíá ðëáßóéï ðáñáãùãÞò ôõ÷áßùí ðåñéãñáöþí ÄÕ ìå âÜóç
ôçí ÐÕ. Ôá áðïôåëÝóìáôá áðïäåéêíýïõí ðåéñáìáôéêþò ôéò èåùñçôéêÝò éäéüôçôåò ôùí ðñïôåéíüìåíùí áëãïñßèìùí ôáéñéÜãìáôïò.
¼ðùò ìðïñåß íá öáíåß áðü ôçí ðáñáðÜíù ðåñéãñáöÞ, Ýíá óçìáóéïëïãéêü ðëáßóéï ãéá ôçí
ðåñéãñáöÞ êáé áíáêÜëõøç ÄÕ ìå âÜóç ôçí ÐÕ áíáðôý÷èçêå óôá ðëáßóéá áõôÞò ôçò äéáôñéâÞò.
Ï áíôßêôõðïò ôïõ åí ëüãù ðëáéóßïõ êáé ôùí áðïôåëåóìÜôùí ôïõ åßíáé ï áêüëïõèïò. Ðñþôá
áðü üëá, ïëïêëçñùìÝíç êáé óçìáóéïëïãéêÞ ðåñéãñáöÞ êáé åõèõãñÜììéóç ôùí ÄÕ ìå âÜóç
ôçí ÐÕ ðáñÝ÷åôáé êáé õðïóôçñßæåôáé. Äåýôåñïí, ôá áðïôåëÝóìáôá ôïõ ëåéôïõñãéêïý ôáéñéÜãìáôïò ôùí ÄÕ öéëôñÜñïíôáé åðéðëÝïí ìå âÜóç ðáñå÷üìåíïõò áðü ôïí ÷ñÞóôç ðåñéïñéóìïýò
áëëÜ êáé ìå ôçí åðéëïãÞ ôïõ êáôÜëëçëïõ áëãïñßèìïõ ôáéñéÜãìáôïò áíÜëïãá ìå ôçí öýóç
áõôþí ôùí ðåñéïñéóìþí. Ôñßôïí, ôá öéëôñáñéóìÝíá áðïôåëÝóìáôá âáèìïëïãïýíôáé ìå âÜóç
ðáñå÷üìåíá áðü ôï ÷ñÞóôç êñéôÞñéá, åðïìÝíùò ïé áéôïýíôåò ÄÕ âïçèïýíôáé óôçí åðéëïãÞ ôçò
êáëýôåñçò ÄÕ. ¸íá Üëëï üöåëïò âñßóêåôáé óôçí óýíèåóç ÄÕ, üðïõ ïé áëãüñéèìïß ìáò ãéá
ôçí áíáêÜëõøç ÄÕ ìå âÜóç ôçí ÐÕ ìðïñïýí íá ÷ñçóéìïðïéçèïýí ãéá ôçí åðéëïãÞ, êáôÜ ôçí
åêôÝëåóç, ôùí óõóôáôéêþí ìåñþí ÄÕ ôçò óýíèåôçò ÄÕ ìå âÜóç êñéôÞñéá/ðåñéïñéóìïýò ÐÕ.
ÔÝëïò, ìå ôçí õðïóôÞñéîç ôçò ðåñéãñáöÞò êáé åðéëïãÞò êáôÜ ôçí åêôÝëåóç ôùí ÄÕ ìå âÜóç ôçí
ÐÕ, ç äéá÷åßñéóç ôùí Äéáäéêôõáêþí Äéåñãáóéþí (ÄÄ) ìå âÜóç ôçí ÐÕ ãßíåôáé ðéï ñåáëéóôéêÞ
ùò ðñïò ôçí õëïðïßçóÞ ôçò, ðáñÝ÷ïíôáò ìå áõôü ôïí ôñüðï ðïëëÜ ùöÝëç óôéò åðé÷åéñÞóåéò
üðùò åßíáé ç ðáñáêïëïýèçóç ôùí ÄÄ, ôï Ýíáõóìá êáé ç áðïôßìçóç åíáëëáêôéêþí óôñáôçãéêþí
ðñïóáñìïãÞò, ç êáëýôåñç åêìåôÜëëåõóç ôùí ðüñùí êáé ç áýîçóç ôùí ïéêïíïìéêþí êåñäþí.
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Chapter 1

Introduction
1.1 General Setting
1.1.1 Functional and QoS-based Discovery of Web Services
Web Services (WSs) are modular, self-describing, loosely-coupled, platform and programming language-agnostic software applications that can be advertised, located and used across
the Internet using a set of standards such as SOAP [GHM+ 07], WSDL [CCMW01] and UDDI
[BCC+ 04]. They encapsulate application functionality and information resources, and make
them available through standard programmatic interfaces. Service Oriented Architectures
(SOAs) promise to enable the creation of business applications from independently developed and deployed (Web) services. A key advantage of SOAs is that they enable the dynamic
selection and integration of services at runtime, thus realizing the autonomic attributes of
system exibility and adaptiveness.
However, current standard techniques only partially address the SOA vision. These
techniques rely on static descriptions of service interfaces and other general non-functional
service attributes for publishing and nding WSs. This situation creates two problems.
Firstly, syntactic discovery e orts return results with low accuracy (precision and recall)
[DMR02]. Secondly, no means are provided in order to select among multiple services that
appear to perform the same function.
The rst problem is solved by combining Semantic Web (SW) [BLHL01] and WS technologies. Ontologies are used, which provide meaning to concepts and relationships between
them and thus lead to semantic WS descriptions and discovery algorithms. These enhanced
discovery algorithms equipped with SW technologies provide more precise and recallable
results. Two recent results of the joint SW and WS e orts are OWL-S [ea03] and WSMO
[RKL+ 05], which are currently promoted as W3C submissions.
The second problem can be solved by the taking into account a big subset of all possible
1
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non-functional properties of WSs, which is called QoS (Quality of Service) [Lie94]. QoS is
highly related with the performance of a WS as well as with other features and characteristics
of a WS that bear on its ability to satisfy stated or implied needs. Therefore it has a
substantial impact on users' expectations from a service and can be used as a discriminating
factor between functionally equivalent WS advertisements. Thus WS descriptions must be
enhanced with QoS descriptions. Additionally, WS discovery algorithms should perform
QoS-based ltering (matchmaking) and ranking (selection) on WS advertisements in order
to produce fewer ranked results so as to assist WS requesters in nding the most suitable
WS.

1.1.2 Main Problems in QoS-based Web Service Description and Discovery
Although there are many views of quality [DSGF03], we choose the one named \quality
as conformance", which sees quality as being synonymous with meeting speci cations. For
example, if one service provider had promised to provide 1 Mb/s bandwidth for his stock
service and he did provide this value of bandwidth at all times in his service's operation, then
this service provider conforms to the promised quality of service. Quality as conformance
can be monitored for each service individually and usually requires the user's experience of
the service in order to measure the `promise' against the `delivery'. So we consider QoS of
a WS as a set of non-functional attributes/characteristics that may impact the quality of
the service o ered by the WS. If a WS is advertised to have certain values in these QoS
attributes, then it is said that this WS conforms to provide a certain QoS level.
In general, each particular domain that a service belongs to will have its own set of QoS
attributes that apply to all services of that application domain [MS02, Ran03, ZBD+ 03].
However, certain attributes will be cross-domain attributes [FK98, AN02, Ran03, SA03,
LJL+ 03, TGN+ 03]. For example, a Trac Monitoring WS will involve QoS attributes
belonging to the trac monitoring application domain [CCP07]. Attributes such as \price"
and \availability" are domain independent, but an attribute such as \coverage" has a speci c
meaning in the trac monitoring domain. Once a set of attributes has been established for
all domains a WS belongs to, it must be ensured that QoS information is collected in a fair
manner by the values sent from providers, third parties or requester's feedback based on
the characteristic of the quality attribute. For example,\price" can be provided by service
providers, \response time" can be computed by third party active monitoring of a WS,
and \reputation" [MS02] is derived from service requesters' feedback. Based on this value
collection of QoS attributes, a WS violates a certain QoS level if it has promised a \better"
(under a domain speci c de nition of \better") value from that it delivers to the requester.
As it can be seen from the above analysis of QoS, a QoS o ering (or demand) of a WS is
just a set of constraints on some QoS metrics that restrict them to have either certain values
(for unary constraints) or certain combinations of values (for n-ary constraints). A QoS
metric [TEPP02, KL03] is a concept that encompasses all measurement details for a QoS
attribute. Actually, the current modeling e orts of QoS o ers or demands only di er in the
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expressiveness of these constraints. However, when it comes to QoS attributes modeling,
these e orts fail. The rst reason is because the QoS attribute de nition is a syntactic
one [FK98, MS02, JMS02, Ran03, TGN+ 03, KL03, TPP03, CMDTT05]. In result, QoS
attributes like \application availability" may have di erent meanings to the parties that
describe them (network level of the hosting system, application that implements the service).
So there is a need for the incorporation of semantics in QoS attribute de nition. Another
reason is that the QoS attribute model is not rich enough [FK98, MS02, JMS02, Ran03,
TGN+ 03, TPP03, CMDTT05, ZCL04, MS04, DLS05], not incorporating the de nition of
metrics, measurement units, currency units, measured properties (like `time' and \quantity
of information") and measurement methods [TEPP02]. This de ciency results in similar
QoS attributes that are produced di erently or that they use di erent measurement units
leading to problems in the QoS attribute value collection or at the matchmaking of QoS
o ers and demands. So there is a need for a rich QoS attribute model. The last reason
of failure is that the QoS attribute model is not extensible. Although, QoS modelers have
discovered a standard set of cross-domain QoS attributes for WSs, they cannot provide
standard sets of domain-dependent QoS attributes for every possible WS domain as this
requires extreme modeling e ort in cooperation with domain modelers. Thus, the QoS
attribute model should be extensible [ZBD+ 03] to incorporate new domain-dependent (or
cross-domain) QoS attributes for a particular domain as soon as they are discovered. In
addition, this incorporation of QoS attributes must not change the underlying computation
(matchmaking and selection) model [ZBD+ 03]. Thus, there is a need for a semantic, rich
and extensible QoS model of WSs.
Based on the above inabilities in QoS-based WS description, the most prominent QoSbased WS discovery algorithms fail to perform accurate semantic QoS metric matchmaking
and thus produce results with low precision and recall. Apart from this serious problem,
there are also other problems that each category of approaches individually exhibits. There
are two main categories of approaches for QoS-based WS matchmaking: ontology-based
[ZCL04, OVSH06, GZ07] and Constraint Programming (CP) [VHS96] based [CMDTT05,
DSL04]. Approaches of the rst category use ontologies and rules (only [OVSH06]) in order
to describe the QoS of WSs. As matchmaking is based on inferencing, these approaches
su er from performance problems due to the not-yet-matured technology used in ontology
reasoners. The second category of approaches translates QoS-based WS descriptions to
Constraint Satisfaction Problems (CSPs) [VHS96, Dec03] and matchmaking is performed
by solving these CSPs with Constraint Solving Engines (CSE). The approaches of the second category are quite fast due to the maturity of the technology used but they return
inaccurate results and do not provide advanced categorization of results. Inaccuracy of results is caused both by the syntactic matching of QoS terms like QoS metrics and by wrong
matchmaking metrics. Finally, both categories of approaches do not provide useful results
for over-constrained QoS demands. Thus, there is a need for a (semantic) QoS-based WS
matchmaking algorithm that is accurate, has great performance and produces advanced
categorization of results even in cases where the QoS demands are over-constrained.

3

1.2. MAIN THESIS CONTRIBUTIONS

1.2 Main Thesis Contributions
The above analysis has shown that there are two main problems exhibited by the current
research approaches in QoS-based WS description and discovery: a) lack of a semantic, rich
and extensible QoS model for WS description, and b) inability of current state-of-the-art
QoS-based WS matchmaking algorithms to successfully address several important objectives
including accuracy and performance. In addition, it has been claimed that the solution to
the second problem depends in a signi cant percentage on the solution adopted to the rst
one. The scope of this thesis is to address [Kri05] both of these problems in the best possible
way also taking into account their interconnection. To this end, the following three main
contributions have been achieved: semantic QoS-based WS description, alignment of QoSbased WS speci cations and semantic QoS-based WS discovery. Our rst contribution starts
by conducting an extensive research in QoS-based WS description so as to produce a set
of requirements that must be satis ed by a semantic QoS model for WSs. Based on these
requirements [Kri05, KP07b, KP08c], we carefully design and implement an upper ontology
for QoS-based WS description, which is called OWL-Q [KP06, KP08c, KP07a, KP08e]. This
ontology combines the best disciplines, requirements and parts of all related research e orts
in order to describe in a syntactic and semantic way all possible parts of QoS for WSs. It is
an ontological description carefully designed into several facets that can easily be extended
and enriched. This ontological description also complements OWL-S, a World Wide Web
Consortium (W3C) submission for semantic functional WS description, by subsuming OWLS concepts (the sub-concept of the OWL-S concept is a QoS concept) or relating them to
QoS concepts. As OWL-Q is just an upper-level ontology, a mid-level ontology has also been
produced for those QoS attributes that are common across application domains. Finally,
a low-level ontology has been produced for those QoS attributes that are speci c to the
Trac Monitoring application domain. This application domain has been chosen in order to
experimentally evaluate our developed algorithms in realistic scenarios where QoS-based WS
descriptions are randomly created based on constraints on metrics of speci c QoS attributes.
Although the use of semantics provides users with the ability to specify in a clear,
consistent and machine-processable and interpretable manner the concepts of their domain,
it cannot prevent some problems [MFRW00] from happening. One such problem is based on
the fact that people have di erent conceptualization of the same entities [BBB+ 04]. In result,
users may produce di erent ontological speci cations of the same concept. Concerning the
QoS domain, this can be true for QoS metrics and not for QoS attributes or measurement
units that are more or less standardized. This argument is also strengthened by the fact
that the same QoS metric can be produced either from high or low level readings of the
instrumentation of the system hosting the WS (depending on this system capabilities). In
the former case, this QoS metric is produced from other QoS metrics while in the latter case,
this QoS metric is a resource metric. Based on the above reasons, we argue that the state-ofthe-art ontology alignment algorithms [BBB+ 04] cannot be used in our case because of the
use of mathematics for deriving complex QoS metrics from simpler ones. For this reason,
our second contribution consists of the following two algorithms: a) a semantic QoS metric
matching algorithm [KP06, KP07d, KP07c, KP07e, KP07a, KP08e, KP08c] that derives if
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two QoS metrics speci ed in di erent OWL-Q descriptions are equivalent and b) by using
this matching algorithm, an alignment algorithm [KP07d, KP07c, KP07e, KP08e, KP08c,
KP08a] for aligning OWL-Q descriptions of WS providers and requesters based on their
speci ed QoS metrics and on new metrics created by past measurements produced by WS
monitoring systems. These two implemented algorithms have been evaluated based on a
speci c scenario taken from the Trac Monitoring application domain. The experimental
results have showed that although the execution time of the alignment algorithm (that
encompasses the metric matching algorithm) is not very satisfactory, this is compensated
by the increase in the accuracy of the matchmaking algorithms. The last observation leads
to the conclusion that not only the rst problem (lack of semantic, rich and extensible QoS
model) described in the previous section is solved, but its solution also increases the quality
of our solution to the second problem (better QoS-based WS matchmaking algorithm). This
means that our rst two contributions really achieve their goal.
As can be seen from the two previous paragraphs, our rst two contributions (OWLQ and alignment algorithm) try to produce QoS-based WS speci cations that have the
maximum amount of common QoS metrics. This result is in favor of the CP-based approach
in QoS-based WS matchmaking. The main reason is that this approach transforms the
common QoS metrics of a QoS o er and demand to the same CSP variables used to solve
the CSP problem created by the constraints of the QoS o er and demand. By considering
also the fact that the CP-based approach is faster than the ontological one, we argue that
the CP-based approach is better and must be chosen as a starting point in solving our
second research problem (better matchmaking algorithm). So our third contribution is that
we enhance the CP-based approach, especially the work of [CMDTT05] that uses a more
correct matchmaking metric than [DSL04]. However, due to the nature of the value types
of the QoS metrics, our rst step in this third contribution has been to perform a survey
on the available solving techniques as CP has some diculties in dealing with real-valued
variables. So based on the research results of the MIP and CP elds, we conclude that
MIP must be used when only linear constraints are present on QoS-based WS speci cations
while CP must be used when also non-linear constraints are present. Our conclusion has
been experimentally proven [KP08d] by a comparison of these two techniques on linear and
non-linear CSPs (MIPs) created according to the criteria speci ed in [CMDTT05] and by
using the matchmaking metric of conformance [CMDTT05].
The second enhancement is the use of an appropriate matchmaking metric [KP07d,
KP08e, KP07c, KP07e, KP08b, KP08d] that takes into account the fact that some user
constraints should not be used in matchmaking. For example, there is no reason why there
must be an upper bound on availability for WS requester constraints while both bounds on
response time must be respected as the requester's system may not be able to process a very
fast provided output (e.g. in case of video streaming WSs and WS requesters having mobile
phones). Our random [KP08b, KP08d] and semi-random evaluations (based on the domain
of Trac Monitoring) have showed that there is a signi cant decrease in matchmaking time
if our new matchmaking metric is taken into account with respect to the one of conformance.
Another enhancement is the use of optimization techniques especially in cases where there
are over-constrained QoS demands. In many cases, users over-estimate the capabilities of
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a system and pose unrealistic constraints to it or to discovery brokers in order to nd it.
In our situation, based on the previous observation, the QoS capabilities of WSs are overestimated by WS requesters. So the state-of-the-art QoS-based WS matchmaking systems
fail to produce any useful result to those WS requesters as the CSPs solved are all infeasible.
In this dissertation, we will show two di erent optimization algorithms [KP07d, KP08e] used
to deal with this case. Each one has its strengths and weaknesses and their selection depends
on user preferences on matchmaking time and accuracy. This is also proven by our random
[KP08d] and semi-random evaluations.
Finally, the last enhancement concerns the situation where non-linear constraints are
present in the QoS-based WS advertisements so the CP-based approach must be used.
The presence of non-unary and non-linear constraints is not utopian. As a concrete example, the price
q of a WS can be expressed as non-linear function of many QoS metrics,
e.g. price = ((1 − responseT ime)=0:01)2 + (availability=0:01)2 where responseT ime and
availability take values in (0:0; 1:0]. Thus, in the case of non-linear constraints, we have
devised and implemented two new algorithms that take into account our new matchmaking
metric and techniques from a speci c subarea of CP called explanation-based programming
(eCP) [VJ05, RvBW06]. The random evaluation of these two algorithms against the simple
ones (without eCP) shows the signi cant gain in matchmaking time. The selection of these
two new algorithms depends again on user preferences concerning matchmaking time and
advanced categorization of results.
Thus, this thesis proposes the use of two di erent techniques for QoS-based WS matchmaking depending on the linearity of the QoS constraints of WS speci cations. Concerning,
QoS-based WS selection, some of our proposed algorithms already solve optimization problems and thus also perform the selection subprocess of WS discovery. On the other hand,
the algorithms, that do not o er this functionality and is not clear from their results which
QoS o er is better, should be accompanied with a QoS-based WS selection algorithm. To
this end, we propose a QoS-based WS selection algorithm [KP06] that computes the score
of each advertised QoS o er by solving two optimization problems - a) one nding the score
of the worst performance of the o er, and b) one nding the score of the best performance
of the o er - and then computing the weighted average of the two optimization results.

1.3 Impact of Thesis
Based on the content of the previous sections, we argue that the result of our thesis is the
production of a complete semantic framework for QoS-based WS description and discovery.
This framework can be used as a black-box by WS registries [KFS06] that already perform
functional WS description and discovery in order to lter out and rank the results of their
discovery process, thus helping WS requesters in the selection of the best WS advertisement.
Apart from WS registries, our framework can be used by WS negotiation frameworks
[CFK+ 02, DNDPG+ 07, WA03, CLG+ 06, CP05]. These frameworks are used in order to establish a Service Level Agreement (SLA) [KL03] between the WS requester and the provider
of the best WS found. SLAs are documents that specify the trusted third-party entities mon-
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itoring QoS levels delivered, the penalties that will be imposed when one of the two main
parties does not keep up with its promises, and the validity period of the promises. So
SLAs give con dence and trust to the entities providing and consuming the service and
lead and guide the process of WS Execution. If a negotiation framework cannot establish
an SLA between the entities providing and consuming the service because of their con icting requirements, then the negotiation fails and the next WS from the returned list of the
QoS-based WS discovery phase is contacted. Thus, our framework provides the appropriate
input to the WS negotiation frameworks and this input along with the negotiation rules and
preferences of each party drive the WS negotiation process.
Another bene t is in WS composition, where the most suitable from our QoS-based
discovery algorithms can be exploited for the design-time and runtime ltering and selection
of component services based on local QoS constraints [BSND02]. If local constraints are
only required, then the invocation of our algorithm for each WS component is enough
for producing the (part of the) concrete composed WS. However, when global constraints
[ZBD+ 03] are also present, our algorithms can be used as a rst step for ltering the QoS
o ers of those WSs that functionally match each task (WS component). Then the execution
of a QoS-based WS composition algorithm [ZBN+ 04, JRGM04, GPEV05, YZL07, MDSR07,
BPB08] is also required in order to produce the (part of the) concrete composed WS by also
respecting the global constraints.
Our framework can be easily extended to also provide context-aware WS description
and discovery [BPvS+ 04]. This type of discovery is essential in application domains where
mobile WSs are o ered or where the application of the WS requester is hosted in a small
device (PDA, mobile phone, etc). The extensions that have to be made concern mostly
the WS description part where some attributes must be associated to context metrics (like
precision) and mid and low-level ontologies of context metrics and attributes should be
de ned. Matchmaking is not actually a ected. On the contrary, the WS selection part
must be enhanced in order to produce scores that take into account user-provided weights
on context metrics.
Last but not least, by supporting the QoS-based description and runtime selection of
WSs, QoS management of Web Processes (WPs) [CSM+ 04] becomes more realistic to implement, thus providing many bene ts for businesses like monitoring of WPs, triggering
and evaluating alternative adaptation strategies, better resource utilization and increase of
economical pro ts.

1.4 Outline of Dissertation
The rest of this dissertation is organized in the following way:
•

Chapter 2 exempli es the main concepts and notions that appear in the WS Description and Discovery processes. In addition, it provides a small introduction to the two
solving techniques used for QoS-based WS matchmaking: MIP and CP.

•

Chapter 3 provides a comprehensive analysis of the conceptualization of QoS for WSs
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and of the main domain-independent QoS attributes. In addition, an example of
domain-dependent QoS attributes in the Trac Monitoring application domain is provided. Finally, the role that QoS can play in the management of WSs is elaborated.
•

Chapter 4 analyzes the requirements that must be satis ed by the QoS-based WS
description and discovery processes.

•

Chapter 5 provides a literature review of the main research approaches in QoS-based
WS description and discovery and reveals their main contributions and de ciencies.

•

Chapter 6 is the cornerstone of this dissertation as it analyzes theoretically the main
contributions of this thesis. It is separated into three sections, each focusing on one of
our three contributions.

•

Chapter 7 unveils the architecture and main components of this thesis' framework
and shortly describes the tools used to implement it. In addition, the biggest part
of this chapter is dedicated to experimentally evaluating the matchmaking algorithms
constituting one of this thesis main contributions. This experimental evaluation is
performed randomly and semi-randomly based on a speci c testing framework developed. It must be noted that the semi-random evaluation was actually performed by
creating random QoS speci cations on QoS metrics of QoS attributes taken from the
Trac Monitoring application domain.

•

Chapter 8 concludes this dissertation and draws directions for further research.

In each chapter, there will be an introductory text followed by the main content (consisting
of one or more sections) and nally a last section concluding this chapter.
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Chapter 2

Preliminaries
2.1 Introduction
The scope of this chapter is to equip the interested reader with the appropriate knowledge in
order to be able to: a) follow up with the remaining chapters of this dissertation; b) categorize
our thesis contribution according to the current research on WSs; c) better understand our
main contributions, the e ort taken to achieve them and their outcome and bene ts; d)
get acquainted with the research carried out in two di erent research elds; and e) x the
terminology used throughout this dissertation in order to make it self-contained. The rest of
this chapter is separated into two main sections. Section 2.2 introduces the main concepts
and their roles in the WS Description and Discovery processes. Moreover, it analyzes the
main requirements that these two processes impose in order to be achieved. The next and
nal section 2.3 analyzes the two main techniques that are used by our thesis in order to
perform QoS-based WS matchmaking and selection: MIP and CP.

2.2 Web Service Description and Discovery
This section explains what a WS is, in which computing paradigm is utilized and how a
software system should be designed in order to provide WSs. This is realized in the rst
three subsections. Then, it de nes and analyzes the WS Description and Discovery processes
and reveals the requirements that they pose. This is ful lled by the last two subsections.

2.2.1 Web Service De nition
The term Web Services is used very often nowadays but not always with the same meaning.
Existing de nitions [ACKM03] range from the very generic and all-inclusive to the very
9
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speci c and restrictive. Often, a Web Service is seen as an application accessible to other
applications over the Web [Fis04]. This is a very open and generic de nition stating that
anything that has a URL is a Web Service. For instance, it can include a CGI script or a
program accessible over the Web with a stable API, published with additional descriptive
information on some service directory.
A more precise de nition is provided by the UDDI consortium, which characterizes Web
Services as \self-contained, modular business applications that have open, Internet-oriented,
standards-based interfaces " [Con01] . This de nition is more detailed, emphasizing on the
need for being compliant with Internet standards. In addition, it requires the service to be
open that is to have a published interface that can be invoked across the Internet. In spite
of this clari cation, the de nition is still not precise enough because it is not clear what is
meant by a modular, self-contained business application.
A better de nition of Web Services is provided by the World Wide Web Consortium
(W3C) and is the following: \a software application, identi ed by a URI, whose interface
and bindings are capable of being de ned, described, and discovered as XML artifacts. A Web
Service supports direct interactions with other software agents using XML-based messages
exchanged via Internet-based protocols " [ABFG02].
The W3C de nition is quite accurate and also explains how Web Services should work.
The de nition stresses that Web Services should be capable of being \de ned, described, and
discovered", thereby clarifying the meaning of \accessible" and making more concrete the
notion of \Internet-oriented, standards-based interfaces". It also states that Web Services
should be \services" similar to those in conventional middleware. Not only they should be
\up and running", but they should be described and advertised so that it is possible to write
clients that bind and interact with them. In other words, Web Services are components that
can be integrated into more complex distributed applications. The W3C also states that
XML is part of the solution. Indeed, XML is so popular and widely used today that is going
and should be the data format used for many Web-based interactions.
Note that even more speci c de nitions exist. For example, the online technical dictionary Webopedia1 de nes a WS as \a standardised way of integrating Web-based applications
using the XML, SOAP, WSDL, and UDDI open standards over an Internet protocol backbone. XML is used to tag the data, SOAP is used to transfer the data, WSDL is used for
describing the services available, and UDDI is used for listing what services are available ".
This de nition references the speci c standards that could be used for performing binding
and for interacting with a Web Service. These are the leading standards of SOAP, WSDL,
UDDI currently used in WSs. However, these standards do not constitute the essence of
Web Services technology: the problems underlying Web Services are the same regardless of
the standards used.

1 http://www.webopedia.com/
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2.2.2 Service Oriented Computing and Architecture
Service-Oriented Computing (SOC) [Pap03] is the computing paradigm that utilizes (Web)
services as fundamental elements for developing applications. Since WSs may be o ered by
di erent enterprises or individuals and communicate over the Internet, they provide a distributed computing infrastructure for both intra and cross-enterprise application integration
and collaboration. This application integration and collaboration is achieved only if WSs
are technology-neutral, loosely-coupled and they support location transparency. There are
two types of WSs: simple and composite. Simple WSs are the building blocks for composite
WSs and provide simple functionality. For instance, we can have a simple mathematical WS
taking as input a mathematical expression and returning as a result the expression's evaluation. Composite WSs involve assembling existing WSs in order to accomplish a speci c high
goal or objective. For example, an enterprise could assemble existing intra-enterprise WSs
(applications wrapped as WSs) and some external WSs (outsourced applications or utilities wrapped as WSs) in order to provide a complete distributed e-business application like
e-procurement. Thus, composite WSs are publicly available, technology-neutral, looselycoupled and location-transparent applications that are developed following the computing
paradigm of SOC.
To build integration-ready applications the service model relies on the service-oriented
architecture (SOA). SOA is a logical way of designing a software system to provide services
to either end-user applications or other services distributed in a network through published
and discoverable interfaces. The basic SOA de nes an interaction between software agents as
an exchange of messages between service requesters (clients) and service providers. Clients
are software agents that request the execution of a service. Providers are software agents
that provide the service. Agents can be simultaneously both service clients and providers.
Providers are responsible for publishing a description of the service(s) they provide. Clients
must able to nd the description(s) of the services they require and must be able to bind to
them.
In SOA, a relationship of three kinds of participants (the service provider, the service
discovery agency, and the service requester (client)) is inherent and realized by the interactions that involve the publish, nd and bind operations [BHM+ 02] (see Fig. 2.1). These roles
and operations act upon two WS objects: the WS description and the WS implementation.
The way these roles interact and the sequence of these interactions are clari ed by the following typical service-based scenario: A service provider hosts a network accessible software
module (i.e. an implementation of a given WS). The service provider also de nes a WS
description of the WS and publishes it to a client or service discovery agency (i.e. a registry
or repository like UDDI). Through this agency, any WS description is published and made
discoverable. The service requester uses a nd operation to retrieve the WS description from
the discovery agency and uses the WS description to bind with the service provider in order
to invoke the WS implementation. Service provider and service requester roles are logical
constructs and a WS may exhibit characteristics of both.
In the sequel, we are going to investigate the content of the WS description and to
analyze the steps and algorithms involved in the WS discovery process. In addition, the
requirements posed upon the three basic SOA roles by the WS description and discovery
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Figure 2.1: Service Oriented Architecture
processes are going to be exposed.

2.2.3 Web Service Description
This subsection explains the WS Description process. In particular, it de nes the WS
Description process and analyzes the requirements that it imposes. These two tasks are
realized by the \De nition" and \Requirements" sub-subsections.

De nition
Web Service Description is the process where a) a service provider describes its service functionality and properties to potential clients (maybe through service brokers or registries) as
a service o er b) a service client describes what is expecting from a WS to a service broker/registry or to a sophisticated search (crawling) engine. Service descriptions are used to
advertise/query the WS capabilities, interface, behaviour, and quality. Publication of such
information provides the necessary means for discovery, selection, binding, and composition of Web Services. In particular, the service capability description states the conceptual
purpose and expected results of the WS. The WS interface description publishes the WS's
signature (its input/output/error parameters and message types). The (expected) behaviour
of a WS during its execution is described by its WS behaviour description. Finally, the Quality of Service (QoS) description publishes important non-functional WS (quality) attributes,
such as service metering and cost, performance metrics (e.g. response time), security attributes, (transactional) integrity, reliability, scalability, and availability. A WS Description
should also describe the parameters within which both the service provider and client are
willing to negotiate. Web Service negotiation involves the interaction between a client and
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one or more service providers identi ed through the discovery process or already known to
the client. It has the aim to agreeing the terms and the conditions for the supply of the WS.

Requirements
In the beginning, this subsection unfolds the general requirements that are imposed by the
WS Description process. Then, for each of the four parts of a WS Description, additional
and part-speci c requirements are revealed.

Common Base Language As stated in the above de nition, a Web Service Description

consists of four or ve facets/aspects. Each facet can be described by a separate language.
This fact imposes the de nition/existence of a Common Base Language [ACKM03]. This
language can be used as a basis for specifying all the languages necessary to describe the
di erent aspects of a service. XML is used for this purpose, both because it is a widely
adopted and commonly accepted standard and because it has syntax exible enough to
enable the de nition of service description languages and protocols.

Machine and Human Understandable A Web Service Description needs to be understandable by humans as well as machines [MSZ01, PTB03, DSGF03]. This means that each
service attribute must be described at both the syntactic and semantic level. Syntactic information is concerned with the implementation aspects of a service and thus tailored towards
the programmer's requirements. Semantic information is concerned with the conceptual aspects of a service aiming to facilitate end-users by shielding o the lower technical details,
as well as to facilitate developers to nd services that best match their needs and to enable
automatic service selection and composition. Depending whether the service requester is
an end-user, a developer or a machine, di erent kinds of service description are required.
For the end-user, only semantic description is needed, whereas developers or machines need
both semantic and syntactic information. Thus, the language used for service description
needs to provide constructs that enable the description of functional, non-functional and
behavioral information in a semantic as well as in a syntactic form of representation.
Must Support Inferences The description language should also support inferences on
descriptions. This means that automated reasoning and comparison on descriptions should
be possible and ecient. The above requirement is crucial for automated service discovery
(especially in matching service o ers with service requests) and composition. One way
to achieve it is by using ontologies [UG96]. Ontologies have been developed in order to
facilitate knowledge sharing and reuse. They provide greater expressiveness when modelling
domain knowledge and can be used to communicate this knowledge between people and
heterogeneous and distributed application systems. Ontologies are based on a class system.
Classes are organized in hierarchies and o er extensibility through subclass re nement. This
enables automated reasoning on taxonomies of concepts.
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Must Support Four Types of Semantics In Web services domain, semantics repre-

sented by the semantic metadata can be classi ed into the following types [She03, SSM+ 03],
namely:
•

Functional Semantics

•

Data Semantics

•

Non-Functional Semantics

•

Execution (Behavior) Semantics

These di erent types of semantics can be used to represent the capabilities, requirements,
e ects and execution patterns of WSs.
The vision of SOC can only be realized when appropriate services are discovered based
on the functional requirements. Several semantic Web service discovery algorithms have
assumed that the WSs' functionality is characterized by their inputs and outputs. Hence
these algorithms look for semantic matching between inputs and outputs of the services
and the inputs and outputs of the requirement. Semantic matching of inputs and outputs
is not sucient for discovering relevant services. For example, two services can have the
same input/output signature even if they perform entirely di erent functions. A simple
mathematical service that performs addition of two numbers taking the numbers as input
and produces the sum as output will have the same semantic signature as that of another
service that performs subtraction of two numbers that are provided as input and gives out
their di erence value as output. Hence matching the semantics of the service signature may
result in high recall and low precision. The solution to the above problem is the annotation of
Web services with functional semantics. This can be done by having a functional ontology in
which each concept/class represents a well-de ned functionality. The intended functionality
of each WS can be denoted by annotating it with concepts of this ontology. Thus, if WSs are
annotated using a functional ontology, then service discovery algorithms can exploit these
annotations for a ner and more accurate result set.
All WSs take a set of inputs and produce a set of outputs, which are all represented in
the signature of the corresponding WSs' operations in a WSDL le. However the signature
of an operation provides only the syntactic and structural details of the input/output data
that are used for service invocation. For a more e ective discovery of WSs, semantics of
the input/output data has to be taken into account. Thus, if the data involved in WS
operation/signature is annotated using an ontology, then these data annotations can be
used in matching the semantics of the input/output data of the WS with the semantics
of the input/output data of the requirement. Data semantics are usually represented by
domain ontologies, which describe the concepts and the relations involved in a particular
domain of knowledge.
After discovering a list of functionally-equivalent WSs, the most suitable WS must be
selected. Each WS can provide di erent quality (non-functional) levels. Hence WS selection is about locating the WS that provides the best quality criteria match. WS selection
demands management of QoS metrics for WSs because it is an important activity in WS
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composition [CS03]. Web services in di erent domains can have di erent quality metrics,
which are called Domain Speci c QoS metrics. There can also be some QoS criteria that can
be applied to services in all domains irrespective of their functionality or specialty. These
criteria are called Domain Independent QoS metrics. Both kinds of QoS metrics need shared
semantics for interpreting them as intended by the service provider and requester. This can
be achieved by using an ontology that de nes the domain speci c and domain independent
QoS metrics.
WS execution semantics encompasses the constructs of message sequence (e.g., requestresponse, request-response), conversation pattern of WS execution (peer-to-peer pattern,
global controller pattern), ow of actions (sequence, parallel, and loops), preconditions and
e ects of WS invocation, etc. Some of these constructs may or may not be made publicly
available, depending on the nature of the WS application and the policies of the organization that owns it. In any case, the execution semantics are not the same for all WSs and
hence they should be veri ed before WS execution. The execution semantics of WSs can be
represented by traditional formal mathematical models (Process Algebra [BPS01]), concurrency formalisms (Petri Nets [ACKM03], state machines [HU79]) and simulation techniques
[VSJ01]. Formal modelling for work ow scheduling and execution is also relevant [ASSR93].
By using execution semantics, Web processes (i.e. composite WSs) need not be statically
bound to component WSs. Instead, based on the functional, data, QoS and execution
(preconditions and e ects) semantics a list of appropriate WSs can be provided, then QoS
semantics can be used to select the most appropriate WS, and then by using execution
semantics the WS can be bound to a process and the corresponding Web process execution
can be monitored.
Now, additional requirements are going to be analyzed, separated into four subsections.
Each subsection reveals the requirements of the corresponding part of a WS Description
(interface, capability, QoS and behavior).

Interface Description Requirements Service description in conventional middleware is
based on interfaces and interface de nition languages (IDLs). In WSs, interface de nitions
resemble CORBA-like IDLs, although there are some di erences between the two [ACKM03],
like the availability of di erent interaction modes in the interface de nition language and
the XML schema-driven type system. In addition, since WSs lack an implicit context, their
description needs to be more accurate.
As WSs are still software, we can use the requirements for ordinary software interface
descriptions as the basis for WS interface descriptions [Oak03]. This is done to ensure that
the description of WS interfaces is at least as comprehensive and appropriate as the description provided for other types of software. In this section, we give an overview of the interface
description elements presented in [CBB+ 02] and comment how these requirements apply in
the WSs context. Each element is necessary to ensure that the developers implementing
the interface, and third parties using/invoking the interface, can fully understand what the
interface requires, what it provides and its constraints.
1. Interface identity: We can uniquely identify an interface by its name and by its
version numbers if appropriate. A unique identity for an interface is particularly
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important when many implementations of the same interface are supplied or if di erent
interfaces to the same WS are provided for di erent classes of users. The identity can
be used by WS advertisements in registries to indicate that the WS complies with a
particular interface.
2. Resources provided: These are the operations or methods provided by the interface.
The description of resources should be sucient to aid the discovery, evaluation and
selection of services that meet the users' needs. Each resource needs to describe its:
(a) Syntax: The signature including its name and the logical data-types of arguments.
(b) Semantics: A description of what happens when the resource is used i.e. what
is visible to the user, and what are the restrictions on use of the resource. For example, the semantics describe the assignment of values to data that the user can
access; changes in state, either to this, or another, element; the events signalled
and messages sent by the resource; details of how other resources will behave
di erently when this one is used; and the execution style, whether the operation
is atomic, interruptible or suspendible. The semantics of the operations is perhaps the most important part of the description in terms of enabling automated
interaction. The semantics will be necessary in most phases from evaluation and
selection to interaction.
(c) Usage restrictions: Similar to pre-conditions, these state the assumptions
about the environment that must be true, or describe the side e ects of the
operation. Exceptions should also be described here, detailing how errors are
handled. For example, the number of retries or the meaning of returned status
indicators.
3. Locally de ned data-types: This section describes how to declare variables, constants and literal values of the data-types de ned and used in the interface, and the
operations, comparisons and conversions that can be performed on instances of those
types. Data-types in the web context can be viewed as both traditional programming
language constructs and XML documents. In the case of XML documents, a reference to the document schema or a document template should be provided to allow
creation of required documents or to enable understanding of the documents supplied
by resources.
4. Error handling: The errors that can be raised by the resources of the interface and
error handling behaviour. This information will be necessary during the interaction
phase to determine the cause of unexpected results and how to deal with them. Compensating actions could also be de ned in order to enable transactional behaviour
[LLA+ 03]. However, the inclusion of compensation information should be optional. In
addition, locating the compensating service could be quite involved in case compensational information is absent because reasoning mechanisms must be developed to
gure out the required capability and constraints to compensate the service. Even if
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the compensating capability is described, valuable time could be spent in discovering
the compensating service determined by the compensating capability.
5. Variability provided by the interface: Details of what con guration is possible
and range of allowable values for each con guration parameter should be provided. In
addition, a description of how con guration a ects the semantics of the interactions
must be included. WS users will be of many di erent types, operating in di erent
contexts, each with di erent capabilities. Consequently, web service descriptions must
provide the facility to describe what can be con gured and how that con guration
can be achieved. In addition to operation attributes, there are other aspects of service
delivery that could be con gurable such as, the interaction mechanism or the security
and transaction management protocols.
6. Quality attributes of the interface: Quality attributes include such things as the
level of performance and reliability that the interface provides. WSs may be selected
based on their certi ed conformance to speci c standards, or their ability to provide
various quality-of-service attributes.
7. What each interface element requires: Either, speci c named resources (described as above with syntax, semantics and restrictions), or other preconditions or
assumptions about the environment. The usage restrictions (or non-functional requirements) of the operations will be used in the evaluation and interaction phases to
determine if the constraints can be satis ed by the user.
8. Rationale: The motivation for the design, the constraints, compromises and alternatives considered. This is mainly for the bene t of developers implementing the
interface.
9. Usage guide: the protocol of interaction or patterns of use for the entire interface.
This information will be used during the interaction phase to ensure the correct order
of interaction. This information could also be used to describe how to initiate a
dialogue with the service, how to negotiate with or con gure the service, and how to
manage the operation of the service. Alternatively, the information may be used to
select services that provide compatible interaction mechanisms.
The interface requirements described here can be considered the minimum requirements for
the interfaces of WSs.

Capability De nition Requirements A set of criteria for evaluating capability descrip-

tion languages were described by Sycara et.al. [SWKL02] in reference to agent capabilities.
These requirements include expressiveness, abstraction, support for inferences, ease of use,
application on the web, and avoiding reliance on keyword extraction and comparison. According to [OtHE03], these high level criteria are also relevant in the context of semantic
WSs but they do not address the speci c requirements of dynamic WS discovery. To address
these requirements, a capability language should provide:
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1. The ability to declare what action a service performs
2. The ability to allow a capability to have di erent sets of inputs
3. The ability to declare preconditions and e ects in some named rule de nition language
4. The ability to describe objects that are not input but are used or a ected by the
capability
5. The ability to refer to ontological descriptions of the terms used in the description and
thus place the use of the terms in context
6. The ability to make explicit the domain or context in which the service operates
7. The ability to classify capabilities based on aspects of the description enabling exact
or partial matches between required and provided capability descriptions
Di erent WSs can provide the same capability, e.g. book a ight, and di erent capabilities
may be provided by the same WS. In this sense, capabilities must be naturally described
separately from speci c WS descriptions [FB02, Hos02b, MDCG03] for several reasons:
•

Express generic functionality : Several WSs o ering the same functionality but with
di erent speci c re nements should be related to the same generic high-level capability.
This approach is related to concepts taken from Problem Solving Methods (PSM)
research, and it inherits some of their advantages, as the ones highlighted in [FM01,
FMvH+ 03].

•

Use di erent terminologies : Re nements done by a given WS can be expressed using
a di erent terminology from the one used to describe their capability, thus increasing
exibility, as requiring the use of the same terminology is sometimes unrealistic.

•

Allow a given service to present many di erent capabilities, while exposing only one
service description.

•

Support discovery process : Discovery rst needs capability descriptions. Further ltering based on actual input, output and requirements is performed in subsequent steps.
Thus, separating capabilities and linking them to WS descriptions follows the steps of
the discovery process.

Non-Functional De nition Requirements According to [DOH+ 01, OEtH03], non-

functional properties are constraints exhibited over the functionality of the service. This
kind of properties includes temporal and spatial availability, channels, charging styles, pricing factors, settlement models, settlement contracts, payment, service quality, trust and
ownership. Each of these properties is deserving of a separate paper because of the complexity involved in accurately describing them. In this dissertation, we are going to analyze
the set of non-functional properties that characterize the service quality of a WS. More
speci cally, we are going to closely examine the requirements of QoS-based WS description.
Then, we are going to analyze a language we have devised that satis es these requirements.
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Behavioral De nition Requirements The behavioral de nition semantics were covered

previously in the part describing execution semantics. Here, we give a brief overview of what
is needed stressing the separation between private and public process models.
Business collaborations require long-running interactions driven by an explicit process
model. Thus, a service must explicitly model its business process which will contain decision
mechanisms for the execution of the service. However, no internal details of the organization
business logics should be made publicly available. Therefore, while a process model and
its data and control ow must be designed explicitly to ground the execution and public
behavior of a given service, it must not be exposed.
Nevertheless, the external behavior of the service in terms of message interchange must
be made public in order to enable automatic inter-operation of the service with any other
service. In this sense, the public description of the service must include a conversational
interface which allows inter-operation while not revealing any private detail.

Related Work and Main Problems
None of the current approaches for WS Description satis es all the requirements that were
imposed. The main problem seems to be the lack of semantics, especially for the standard
approaches (UDDI and WSDL). But even if semantics is incorporated, the WS description
model is not rich enough as one or more aspects are not very-well covered if not at all.
From now on, we will focus on the non-functional aspect of WS Description. For a complete
reference to the related work and its limitations, please see [Kri04].

2.2.4 Web Service Discovery
This subsection explains the WS Discovery process. In particular, it de nes the WS Discovery process and its processing steps. For each processing step, the requirements that it
imposes are unfolded.

De nition
Clients use WS discovery to locate appropriate WSs, according to their functional and
non-functional requirements and selection criteria. Using this process, a client identi es
those potential service providers whose o erings meet its functional needs and who are
prepared to negotiate within some acceptable bounds. Discovery can involve the recursive
use of other services, including brokers, and will result in a list of candidate services and
providers. Service negotiation involves the interaction between a client and one or more of
the service providers identi ed through the discovery process or already known to the client.
This negotiation aims to achieve agreement on the terms and conditions for supplying the
service.
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Discovery Processing Steps and Their Requirements
In this subsection, the actual steps performed by the components/roles of the SOA architecture are de ned which lead to a successful discovery process. These steps are classi ed into:
pre-matchmaking steps, the matchmaking step and selection or brokering step [Hos02b].
The matchmaking step is the step where the needs of a client are matched against available
o ers (gathered either by the client himself or by a registry broker). The pre-matchmaking
steps are: description, presentation and publication. For each step de ned, the requirements
that this step imposes to the Web Service components/resources are analyzed.

Web Service Description This step is already analyzed at the section 2.2.3 of this

report. What is left to say is that both service providers and service clients must describe
their services/needs. Maybe service clients describe their needs in natural language. This
is not a serious problem as sophisticated language processing techniques exist nowadays
that can map a natural language sentence to concepts and relations of an ontology (e.g. a
service or domain ontology). We also assume that WS o ers and requests are described in
a complete and semantic Web Service description language like OWL-S that will enable the
use of (DL) reasoners at the matchmaking process.

Web Service Presentation This step is not obligatory as Web Service Description and

Publication are the most necessary steps to be taken before the matchmaking process. However, it may be useful in cases where a client wants to retrieve speci c parts of descriptions
of interested services or in cases where a registry/client wants to retrieve the current (up-todate) description of a service. So it would not be a burden for a service provider to present
his service.
Hence, a service description of a service provider should be presented to potential clients.
For this presentation, two things are needed: a) a unique identi er for the service so as to
enable global context querying of clients; b) a description retrieval mechanism should be
associated with each service identi er. This service presentation can be regarded as another
WS interface. In this way, WS's functionality and its presentation are separated into two
di erent interfaces.
WS descriptions should be made publicly available so as to enable every client to be able
to access them in the Web. This can be realized by choosing the WS's unique identi ed to be
a URL and the WS's description retrieval mechanism to be HTTP(s). If all WSs are armed
with this capability and they have published it as an interface, their current descriptions
will be available to all potential clients across the Web.
Taking one step further, instead of retrieving the whole service description, only the
values of all the dynamic (QoS) properties could be retrieved in the same manner. To
be more speci c, a separate interface for each of these dynamic properties could be added
and presented. Maybe for the evaluation of some of these dynamic properties, some input
should be given to the service. But the type of this input can be described in the interface
corresponding to the appropriate dynamic property. In this way, the matchmaking/selection
steps will be more successful, as the matchmaker/broker will retrieve the up-to-date values
of these properties in order to rank or select a service according to service client needs. In

20

CHAPTER 2. PRELIMINARIES
addition, registries will not be burden with updates to service descriptions for these dynamic
properties. Only other updates will be considered useful and thus should be propagated by
the service providers to the publishing registries.

Web Service Publication Publication is the process of making the presence of services,

resources, user communities and other service-related objects known and reachable to potential clients by the registration and storage of these object descriptions in one or more well
known registries. The potential clients of a registry are service providers, service requesters
and other registries. Service providers use the registry in order to publish information about
their business and about what services they are o ering. Occasionally, they also update
the information they have published because some aspects of it may have changed. In addition, service providers want parts of their published information not to be available to
some clients or to some other service providers. Service requesters use service registries for
querying about businesses and services. They expect that registries give the most accurate
and up-to-date results concerning their queries as quickly as possible. Service registries use
other service registries to exchange information or to give away their ownership of some
information for replication or distribution purposes.
To meet the above functionalities and requirements, a service registry must be controlled
by sophisticated Data Base Management System (DBMS) mechanisms including:
•

Security mechanism : It is used to authorize and authenticate both service providers,
that want to use the registry's publishing capabilities, and service requesters, that
want to use the registry's querying capabilities. Other service registries could also be
checked

•

Access control and concurrency mechanism : It is used for two reasons. The rst is to
let service providers to hide some part of their information from service requesters. The
second reason is to control the update/query ratio and concurrent actions. Actions
that alter the same information should be performed in a transactional manner. In
addition, read actions should not read temporary values of information. Moreover,
queries should be let to occur more often that updates even when update requests
happen more often than query requests (as it is in dynamic environments). This
is because updates are more costly than queries and because querying is the most
important function of a registry. Controlling the update/query ratio and concurrent
actions can be possible using session techniques as one described in [CBF04]

•

Indexing, update and retrieval mechanisms : The registry should use a special-purpose
data model and techniques for ecient indexing, update and retrieval of published
information

•

Soft-state publication (leases) mechanism : It is of great importance and value if a registry returns up-to-date results. However, in a dynamic and distributed environment,
updates occur very often and it is very dicult to maintain a reliable, predictable, and
simple distributed registry state. Typical update cases include the following:
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{ failing or misbehaved services
{ change of service URI or service description but service provider does not alter

published information at appropriate registries
{ change in a registry's authorization policy may result in a case where a published
service may no longer be in a position to de-publish itself
All of these cases leave inconsistent or stale registry state behind and can not be
captured by a single update model where a service provider publishes, updates or depublishes information in a registry. So it is dicult for a service registry to detect such
situations and to determine when and how they can be resolved. For example, one can
envision a strategy in which a registry drops one service's description information if a
client nds this service to be unavailable. However, the unavailability may be due to
an authorization policy denying access to some but not all clients, or due to problems
in a small network segment or simply due to service reboot. The service owner may be
o ended and claim violation of a service level agreement (SLA), because, in his opinion,
there is no reason for dropping its service. Even worse, the service owner might not
even notice for quite some time that he has been dropped. To summarize, so-called hard
state distributed information systems populated from many independent autonomous
and heterogeneous distributed sources typically evolve into garbage dumps where valid
information is hard to distinguish from trash, decreasing overall utility dramatically.
Elaborate mechanisms can be designed to cope with problems of reliable and consistent state maintenance. Such mechanisms typically face complex and subtle problems.
However, one can elegantly avoid much complexity by using a simple soft state mechanism for reliable distributed garbage collection: State established at remote location
may eventually be discarded unless refreshed by subsequent con rmation noti cations.
In this manner, component failures and changes are tolerated in the normal mode of
operation rather than addressed through a separate recovery procedure. Lack of refresh indicates service failure, shutdown or change.
The responsibility of state maintenance is displaced by moving it from the registry
to the publishing services. Registries keep service descriptions as soft state, that is,
they are kept for a limited amount of time only. Service descriptions are expired and
dropped unless explicitly renewed via periodic publication, henceforth termed refresh.
Services refresh by essentially saying \I am here" or by updating the information about
them or by saying \Description has changed". In the third case, it is the responsibility
of the registry to decide when to get the up-to-date description of the service but this
case resides on the basis that services are presented via URIs to potential clients.
Clearly, there is a trade o between the resource consumption caused by refreshes
and state consistency [Hos02a]. The higher the refresh frequency, the more consistent and up-to-date the state, and the more resources are consumed. High frequency
refresh can consume signi cant network bandwidth, due to pathological client misbehavior, denial-of-service attacks, or sheer popularity. Implementations using high
frequency refresh rates can encounter serious latency limitations due to the very expensive nature of secure (and even insecure) network connection setup for publication.
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Keep-alive connections should be used to minimize setup time but only partially address the problem. To condition for overload, limit resource consumption and satisfy
minimum requirements on content freshness, mechanisms to throttle refresh frequency
are proposed, adaptively inviting more or less trac over time. For example, the publication operation could return two timestamps TS1 and TS2, which we call minimum
idle time and maximum idle time. The semantics of the minimum idle time would
be that publication was successful but you must at least wait until TS1 before the
next refresh. The semantics of the maximum idle time would be that publication was
successful but you may be dropped or denied service if you do not refresh before time
TS2. Analogously, query operation could return a minimum idle time TS1 as part of
the result set indicating that the next query must happen after time TS1.
•

Replication/distribution mechanisms : Current proposals for Web Services infrastructures/registries focus on centralized approaches [SSDN02] such as UDDI. Service descriptions are stored in a central repository that has to be queried in order to discover
or, in a later stage, compose services. Centralized systems introduce single points
of failure, hotspots in the network and expose vulnerability to malicious attacks. In
addition, due to their limited capacity, they do not scale gracefully to large number of
services. This diculty is severed by the evolving trend to ubiquitous computing in
which more and more devices and entities become services and service networks become extremely dynamic due to constantly arriving and departing service providers.
The solution to this problem is the organization of a distributed registry, a registry
that is separated in many nodes. These nodes either replicate the information they
contain or they distribute information according to some semantically meaningful parts
or they use a combination of replication and distribution strategies. If a distributed
registry organization/structure follows a distributed data strategy, then it should also
use a distributed query mechanism to answer user requests. This distributed query
mechanism/strategy should route the user request only to nodes that have related-touser-query data. These distributed organizations and strategies are characteristics of a
pure Peer-to-Peer (P2P) infrastructure. Later, P2P decentralized registry approaches
will be analyzed.

•

transfer of ownership or custody mechanisms : In some cases, the owner of a service
is changed, so this change must also be updated to the information stored in a registry. In addition, the custody of a service information tuple is attributed to only one
registry. The service owner should contact this registry in order to update his service
information. When a service registry ceases information or its contract with the service publisher expires, the service publisher can change the custody of his service and
hand it to another registry. This mechanism is extremely useful both for centralized
and decentralized registries.

•

subscription mechanism : It is often very practical and pro table to use a subscription
mechanism for clients. The usage of this mechanism is twofold:

{ it can be used for informing clients when a result set based on a speci c query
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has changed
{ it can be used for informing clients that a particular entity such as a business or
service was created or changed.
In registries, appropriate service taxonomies must be built. The burden of categorizing
services in respect with these service taxonomies should be attributed to the service provider
although in some cases this task is performed by the registry operator through automated
reasoning procedures (based on the structure and content of the service description) or by
the matchmaker. The more accurate and rich are these service taxonomies, the more is the
added value of the registry.
Now, the WS Matchmaking processing step and the requirements that it imposes are
going to be analyzed.

Web Service Matchmaking The matchmaking process matches existing Web Service

descriptions (stored in a registry) with requester's needs (as expressed in a registry query).
In order for this to happen, both the description of the service and requester needs must
be written in the same language. The requirements for this language were analyzed in the
section 2.1.3. In addition, both advertisers and requesters should be encouraged to be honest
with their descriptions. Otherwise, they will pay the price of either not being matched or
being matched inappropriately. The matching should not be based on keyword search only
[PTB03]. Instead, semantic and structural information about each attribute in the service
request and advertisement must be taken into consideration. This is essential, as equality
of concept names does not necessarily mean equality of their semantics. Other properties
that must hold in a matchmaking system are the following:
•

Open-world descriptions : This property states that the absence of a characteristic in
the description of an advertisement or request should be dealt as something that either
will be re ned later or is irrelevant for the user [NSDM03]. In other words, if a characteristic is missing from a WS advertisement, then the matchmaking engine should
try to obtain it from the service provider instead of regarding as absent. Otherwise,
if a characteristic is missing from a WS request, then the matchmaking engine will
consider it irrelevant and will not use it in the matchmaking algorithm.

•

Non-symmetric evaluation : This property states that the evaluation may be di erent
depending on whether the matchmaking engine matches a request with an advertisement or the opposite [NSDM03].

•

User preference consideration : When the user is not actually exact with the description
of what he wants or when the results of his query are huge, the user query must be
re ned based on user preferences and generic usage patterns [BW03]. User preferences
depend on the intensions a user has in a speci c domain. For example, when he is
at New York, he usually eats in an Italian restaurant. Generic usage patterns can
also be considered that state what are the most common user preferences in a speci c
domain. For example, if someone wants to organize a business dinner, then he must
book a French restaurant.

24

CHAPTER 2. PRELIMINARIES
•

Symmetry of information exchange and selection : The process of nding the right
service for a given service consumer is not necessarily a one-way process of having
the consumer state their requirements and select a winner from the matching services.
Service providers may wish to receive information from the consumer before deciding
to make a particular service available to that consumer. The input to the matchmaking
process therefore needs to take account of the demands of both service consumers and
providers, relating these demands to information provided by both parties { resulting
in a symmetric exchange by service consumers and providers of both information and
demands [FFH+ 03].

•

Dynamic service con guration : Matchmaking should allow a provider to describe its
o er as a skeleton or a generating function that can be used to o er di erent service
con gurations [FFH+ 03]. This can be done in the form of a reference to an external
system or alternatively by supplying a script that the MME (Matchmaking Engine) can
evaluate locally. Thus, the MME can generate the speci c service o er dynamically at
the time of searching. Input to the process that provides the speci c value can contain
information from the potential consumer, each service con guration can be tailored to
the circumstances of the speci c consumer. This is needed for several reasons:

{ It facilitates an up-to-date description of the service where service properties such

as the cost, availability or quality of service may be subject to variations. Such
variations can for example be due to load, maintenance, etc.
{ It provides a way to specify a range of services without having to enumerate all
the options associated with them in the MME as this may overload the MME
{ It provides a way to con gure the service and the consumer application according
to the needs and properties of both parties. This facilitates personalization of
the service
{ It provides a way to integrate existing applications that reside on back-end systems (legacy problem)
The process of matchmaking is quite di erent from simply nding, given a request a perfectly matching advertisement (or vice versa). In practise, it is very unlikely that such a
service/advertisement is available [PKPS02, KBH+ 03, NSDM03]. Instead, the matchmaker
will retrieve a service whose capabilities are similar to the capabilities expected by the requester. One of the challenges of matchmaking is to locate those services that the requester
would choose/select despite their di erences from the request. Furthermore, the matchmaker
should be able to characterize the distance between the request and the matches found, so
that the requester can make an informed decision on which service to invoke. That is the
matchmaker should rank the matches found. The ranking (function) should be based on the
following properties [NSDM03]:
•

Syntax independence in ranking potential matches : A ranking of potential matches
is syntax independent if for every pair of advertisements A1 and A2 , request R, and
ontology T , when A1 is logically equivalent to A2 with respect to T , then A1 and
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A2 have the same ranking for R, and the same holds also for every pair of logically
equivalent requests R1 , R2 with respect to every advertisement A. In other words,
if a speci c logic gives meaning to descriptions of requests and advertisements, then
descriptions with the same meaning should have the same ranking, independently of
their syntax.
•

Syntax independence in ranking partial matches : A ranking of partial matches is syntax
independent if for every pair of advertisements A1 and A2 , request R and ontology
T , when A1 is logically equivalent to A2 with respect to T , then A1 and A2 have the
same ranking for R, and the same holds for every pair of logically equivalent requests
R1 and R2 with respect to every advertisement A. This property states that when we
do not have exact matches, then partial match descriptions with the same meaning
should have the same ranking, independently of their syntax.

•

Monotonicity of ranking potential matches over subsumption : A ranking of potential
matches is monotonic over subsumption whenever for every request R, for every pairs
of advertisements A1 and A2 and ontology T , if A1 and A2 are potential matches
for R and T |= A2 v A1 , then A2 should be ranked either the same, or better that
A1 , and the same should hold for every pair of requests R1 and R2 with respect to
an advertisement A. This property states that for two advertisements that satisfy a
request, the more speci c (i.e. constrained one) should have a better ranking as it is
considered better and more suitable.

•

Anti-monotonicity of ranking partial matches over implication : A ranking of partial
matches is antimonotonic over implication whenever for every request R, for every pair
of advertisements A1 and A2 , and ontology T , if A1 and A2 are partial matches for R
and T |= A2 v A1 , then A2 should be ranked either the same, or worse that A1 , and
the same holds for every pairs of requests R1 and R2 with respect to an advertisement
A. This property states that for two advertisements that do not satisfy completely a
request, the more speci c one is worse and should have a worse ranking.

It must be stressed that the above properties are independent of the particular DL employed,
or even the particular logic chosen. This is extremely important as it frees service provides,
requesters and matchmaking engines from using a speci c logic to describe and match WS
speci cations.
Most matchmaking algorithms rank/categorise Web Services in four categories [PKPS02,
KBH+ 03]:
1. Exact match is the highest degree of matching; it results when the two descriptions
are equivalent.
2. Plug-in match results when the service provided is more general than the service
requested, but in practice can be used in place of the ideal system that the requester
would like to use. To this extent the result can be \plugged in" place of the correct
match. A simple example of a plug-in match is the match between a requested service
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that sells books and a service that sells printed materials. Since books are printed
materials, chances are that the latter service can be used instead.
3. Subsumes match results when the service provided is more speci c than the service
requested. The service requester may use the provider to achieve its goals, but it likely
needs to modify its plan or perform other requests to complete its task.
4. Fail/Relaxed match occurs when there is no subsumption relation between advertisement and request.
Ideally, the matchmaker would lter the available services at the following order [Elg03]:
1. By domain : Services that do not match the domain of the user will be discarded.
Maybe, service advertisement and service request use di erent ontologies to describe
their domain. If this is the case, then ontology mapping and mediation must be
performed.
2. By Role : Services that do not match the role the user plays in his domain will be
discarded.
3. By goal/capability : Services that do not match user goals and their set of rules (precondition and post-conditions) will be discarded. If "subsumes" relationships exist
between user and service goals, then the abovementioned categorization of matches
applies. This is the most computation intensive and time-consuming lter.
After the last step/ lter, the services/advertisements will be separated into the four
abovementioned categories. Except from these three lters that must be applied in this
order, other lters can also be applied usually before the capability lter to narrow the
search space and to reduce the actual computation time. Actually, the requester should be
able to decide which lters to apply and in what order. In selecting any combination of the
lters at the search time, there is a trade o between accuracy and speed of the matching
process. Other lters that could be applied before the three lters (to discard an initial
number of advertisements) are the following:
• Namespace lter : It determines if whether or not the requested service and the registered ones have at least one shared namespace (a URL of an ontology le). The
intersection of namespaces can be considered shared knowledge between the request
and the advertisement. Therefore, only the registered services which have at least
one shared namespace with the request go into the next lter. Namespaces of default
like rdf, rdfs, xsd, etc. are not considered the intersection. Of course, there is a case
where the relation between two nodes of di erent ontology les does exist, although
the distance would be relatively long.
•

Text lter : This is a pre-checking process for human-readable service explanation parts
such as comment and text descriptions. It utilizes the well-known IR (Information
Retrieval) technique called TF/IDF (Term Frequency Inverse Document Frequency
Method). This lter helps to minimize the risk to miss the services which have any
relation to the requested one.
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•

Business Model Compatibility lter : This lter is used to discard advertisements that
have a business model that is not compatible with the one the user needs. Maybe
the requester does not want to negotiate with the non-compatible services to ensure
successful/predictable invocation because this comes with the penalty of extra cost
(time and maybe money). Besides, negotiation does not always result in a happy
outcome. Compatibility of business models is successfully dealt in [BCT04].

•

QoS lter : It can be used to discard advertisements that do not satisfy the expected
QoS performance the requester wants. Here, the requester should give the range of
values or distinct values that the desired QoS properties of advertisements ought to
have. In addition, because some QoS properties are dynamic (they change continuously or they are functions of some factors), they must be evaluated at search time by
invoking a \getProperty" interface of an advertisement or by invoking locally a script
that is associated with the property. However, these \dynamic property value extraction" ways are time consuming. It could be better if the service provider was updating
more often the QoS property values of his service (not preferable in highly dynamic
environments) or if a service description was annotated with third party metadata provided by experts or users that have used the service. To summarize, this lter needs
additional input from the requester (except from the description of the actual request)
and it is used in cases where QoS performance is critical e.g. for video services.

Besides using pre-checking lters, some of the lters like the Business Model Compatibility and the QoS lters can be used in further ranking the matches found at the last
lter (capability lter), which are separated in four categories. This feature can help users
in selecting the best service that suits their needs. The (additional) rank function can be
given as extra input by the requester in order to specify which QoS properties and compatibility classes interest him or to determine what percentage each lter will contribute to
the ranking function (20% ∗ compatibilityRank + 80% ∗ qosRank). The rank function can
also be predetermined by the matchmaking system. However, this after-checking ranking,
although it can have a predetermined ranking function, depends on user needs and only the
user knows what he exactly wants. Thus, this after-checking ranking can be omitted from
the matchmaking process and be dealt with at the Web Services Selection step, which is
clearly user-initiated and user-supported.
The matchmaking process must support both early (design time) and late (runtime)
binding to web services. In case of early binding, the matchmaker could be queried at
design time to locate the appropriate service and the located service is statically bound with
the application being developed. In case of late binding, there is no \hard-wired" function
call in the program code but instead a \syntactic and semantic description" of what kind of
operation to use, which will be dissolved just in time before execution.
The matchmaking process should support both volatile and persistent queries. In case
of a volatile query, the matchmaker immediately returns matching advertisements that are
currently present in the repository / registry. On the other hand, the persistent query is a
query that will remain valid for a prede ned period. Within the validity period of the query,
whenever the advertisement that matches the query is added or updated, the matchmaker
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will notify the requester. This type of query is exactly what a subscription mechanism of a
registry must support. In addition to supporting persistent queries, user queries and their
results can be cached. In this way, when the same query is posed again, the matchmaker
will respond instantaneously.
The matchmaking process must also support service composition. Service composition
is an important issue since it is very likely that the o ered services will not satisfy user
needs and therefore the combination of basic web services (possibly o ered by di erent
companies) into value-added services is needed. In order to automate service composition,
the service description must provide declarative speci cations of service capabilities. The
usual techniques used for web service composition come from Arti cial Intelligence (AI)
planning like backward or forward chaining [PSK03, AGDR03, CBF04, MWG04]. However,
in [SK03] several problems are pointed out when applying current AI planning technology
to the service composition problem.
The matchmaking process imposes some additional requirements from the ones described
in the Web Service Publication subsection. These requirements are the following:
•

Support of persistent and volatile queries. Especially persistent queries need special
treatment as user queries must be stored and re-assessed every time there is an update
in service descriptions that a ects the user query. In addition, after the prede ned
validity period of the volatile query, all the information stored in the registry about
this query must be eliminated.

•

Support of caching of user queries. User queries and their results should be cached in
order to answer instantaneously when the same query is posed again. This also means
that the results of the cached queries should be changed when an update to a service
description that a ects these queries happens. Moreover, cached queries and results
should be erased some time after their posing.

•

Management of user pro les and general usage patterns. The data model for user
pro les must contain information concerning the user role, identity, age, location,
preferences, social situation, etc. User preferences describe user intentions in speci c
domains. The general usage patterns describe common usage intentions in various
domains. Information about the user pro le must be updated every time a user makes
a request and must be erased after a long period of time where the user has not
contacted the registry. On the other hand, general usage patterns are never erased
but simply updated every time there is a query in a speci c domain of knowledge.
Of course, in order to get user information, the user must allow for uncovering of his
personal information. In addition, the user should be able to manipulate his pro le
any time or even erase it.

•

The web services data model used in the registry must hold information about all the
possible aspects of a web service description. In addition, the registry's query language
must enable users to describe in every possible aspect their request. Moreover, the
matchmaking component of the registry must support all the matchmaking require-
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ments mentioned above for guarantying a successful discovery process. For instance,
matchmaking must be done both at the syntactic and semantic level.
•

Management of general or domain-speci c QoS properties for a web service description.
This means that the registry's data model must associate a web service description with
general and arbitrary QoS metadata. The update of these metadata can be executed
by the particular service provider. However, there must be allowance of third-party
annotations of QoS metadata to the web service description.

To support early and late binding, both a programming and web interface are needed for
the registry. Applications should see a registry as a Web Service with a particular searching
functionality that will help them in nding the speci c operation that they need to perform.
Other operations of the registry must also be called in the same way in order to enable the
automation of user applications and the automated control of registry's mechanisms by the
registry (node) operator.
Now, the WS Selection/Brokering processing step and the requirements that it imposes
are going to be analyzed.

Web Service Selection/Brokering For each operation of a request of a given user, the

WS matchmaking step returns a list of candidate WSs that implement the operation. The
next step is to select a single WS from each list of candidate WSs and is called \Web Service
Selection/Brokering" step. In this step, the selection can be as simple as randomly picking
a single service from the best candidate matchmaking category of each result list, or as
sophisticated as initiating a complex auction where participating services place bids and
negotiate a resolution based on economic models [FNSY96, LNPM98], Quality of Service
(QoS) and/or Service Level Agreements (SLAs). However, a logical selection procedure
operated in any result list must be composed of the following steps:
1. Rank all advertisements that belong to the \best match" category by speci c user
criteria concerning QoS properties, business protocol compatibility and user context
adaptability. If some advertisements miss some criteria information, then try to get
them from the actual services either by invoking a \get property" interface, or by
exchanging information with the service in stages as described in [KKRO03], or by
negotiating with the service in order to establish a SLA that guarantees that the user
and service criteria will be satis ed. If none of the above methods works, discard
the incomplete advertisement. When the ranking nishes, select the service with the
highest ranking and then invoke it.
2. If there is none \best match" advertisement, then rank all advertisements that belong
to the \plug in match" category as above and then invoke the selected service.
3. If there is none \plug in match" advertisement, then either immediately negotiate with
the \subsumes match" services or reassess / reconsider your query and execute it again
or try to nd another registry / matchmaker.
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4. If there is none \subsumes match" advertisement, then either you should change your
query and repose it or try to nd and contact another registry / matchmaker.
The above selection procedure imposes some requirements on the web service description
language, the service (provider), the user and the registry:
•

The web service description language must be able to describe QoS (dynamic) properties and what is needed (other properties values maybe) to get their values from the
service. It also must include the description of the business protocols that a service
obeys.

•

The service (provider) must describe as separate interface of the service the code to
get the values of the dynamic properties (along with input that must be provided in
order to correctly assess the property). If this is not done, then it must include in
the service description properties whose values must be lled in by the user, as it is
described in [KKRO03]. Whatever is the case, a service must be able to negotiate
with a user a SLA that will guarantee that the needs of both parties will be satis ed.
In addition to these requirements, the service must gather a user's context in some
automated way (or by the actual user) in order to adapt its behavior according to user
preferences and user machine capabilities [KK04]. The extra cost of achieving this
is inconsiderable in respect with the increasing turnover that would result from the
increased adaptability and quality of your service. Having satis ed customers means
good reputation and this results in more pro t.

•

The user/requester must be able to negotiate with a service.

•

The registry must provide mechanisms for QoS management of web service descriptions. QoS must not be provided only by service providers. Third-party annotations
to a web service description must be possible that will assess the QoS of the service in
a more \neutral" and non-deceptive way. Service providers tend to lie when revealing
the performance of their services in order to get more customers. Third-party annotations can really help the selection procedure as time-consuming stages/steps (to get
QoS data from services) can be omitted.

The concept context was mentioned previously. According to our perception, a context
encompasses all information about the client of a Web Service that may be utilized by
the Web Service to adjust execution and output to provide the client with customized and
personalized behavior [KK04]. In [MH03], context is de ned as \any information that can
be used to characterize the situation of an entity, where an entity can be a person, a place,
a physical or a computational object ". In addition, a context model is de ned to consist of
a set of elements along ve axes:
1. User context : such as the user role, identity, age, location, preferences, social situation
. . . etc.
2. Computing context : such as network connectivity, nearby resources (printers, displays
and workstations, processor speed . . . etc.
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3. Time context : such as time of day, week, month . . . etc.
4. Physical context : such as weather, temperature . . . etc.
5. Context history : more importantly, when the user, computing and physical contexts
are recorded across a time span, we obtain a context history, which is also useful when
discovering and composing services.
Context is di erent from the parameters of a Web Service: First of all, the same context
information is interesting for a number of Web Services, whereas parameters are only used
by exactly the Web Service they belong to. As a consequence, context can often be evaluated
automatically, e.g., by the service platform. This simpli es the development of Web Services
as the evolution of such context does not need to be integrated into the Web Services
themselves. A further di erence is that context information is optional whereas parameters
are mandatory. Context information does not need to be passed to a Web Service and if it
is, the Web Service does not necessarily need to understand it and process it.

Related Work and Main Problems
The focus of the work of this proposal is the theoretical foundation and implementation of
both the QoS lter of the WS matchmaking sub-process and the WS selection sub-process.
More speci cally, it is expected that a WS matchmaking process is executed and returns a
list of functionally equivalent WS advertisements. Then, the QoS lter is applied to re ne
this list. Finally, the QoS-based WS selection sub-process is executed to sort the re ned
list in order to help the requester in selecting the best WS for his purposes. Thus, it is
more appropriate to present and analyze the related work in QoS ltering and selection and
this is done in chapter 5. For more detailed information regarding WS discovery research
approaches, please refer to [Kri04].

2.3 Constraint Solving
One of the main contributions of this thesis is the use of two di erent techniques for matchmaking QoS o ers and demands of WSs: Mixed-Integer Programming (MIP) [Sch86] and
Constraint Programming (CP) [VHS96]. As QoS speci cations are represented by a set
of constraints on QoS metrics(i.e. variables), both of these techniques are appropriate for
solving the matchmaking problem. Each technique is optimized in di erent circumstances
concerning the nature of the constraints and the values the variables take. For this reason, this section is separated into three subsections: the rst two are dedicated in shortly
analyzing each technique while the last is dedicated in comparing them by indicating their
advantages and shortcomings.
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2.3.1 Mathematical and Mixed Integer Programming
Mathematical Programming (MP) [GPSH02] is a technique of mathematical optimization.
Many real-world problems in such di erent areas as industrial production, transport, telecommunications, nance, or personnel planning may be cast into the form of a MP problem:
a set of decision variables, constraints over these variables and an objective function to be
maximized or minimized.
MP problems are usually classi ed according to the types of the decision variables,
constraints, and the objective function.
A well-understood case for which ecient algorithms (Simplex, interior point) are known
comprises Linear Programming (LP) problems. In this type of problem all constraints and
the objective function are linear expressions of the decision variables, and the variables have
continuous domains -i.e., they can take on any, usually non-negative, real values. Luckily,
many application problems t into this category. Problems with hundreds of thousands, or
even millions of variables and constraints are routinely solved with commercial MP software
like ILOG's CPLEX or Dash Optimization's Xpress-Optimizer.
Researchers and practitioners working on LP quickly found that continuous variables
are insucient to represent decisions of a discrete nature (\yes"/\no" or 1,2,3,...). This
observation lead to the development of MIP where constraints and objective function are
linear just as in LP and variables may have either discrete or continuous domains. To solve
this type of problems, LP techniques are coupled with an enumeration (known as Branchand-Bound) of the feasible values of the discrete variables. Such enumerative methods may
lead to a computational explosion, even for relatively small problem instances, so that it is
not always realistic to solve MIP problems (MIPP) to optimality. However, in recent years,
continuously increasing computer speed and even more importantly, signi cant algorithmic
improvements (e.g. cutting plane techniques and specialized branching schemes) have made
it possible to tackle even larger problems, modeling even more exactly the underlying realworld situations.
Another class of problems that is relatively well-handled are Quadratic Programming
(QP) problems: these di er from LPs in that they have quadratic terms in the objective function (the constraints remain linear). The decision variables may be continuous
or discrete, in the latter case we speak of Mixed Integer Quadratic Programming (MIQP)
problems.
More dicult is the case of non-linear constraints or objective functions, Non-linear Programming (NLP) problems. Frequently heuristic or approximation methods are employed
to nd good (locally optimal) solutions.

2.3.2 Constraint Programming
CP is the study of computational models and systems based on constraints. CP has been
widely used in areas such as planning, scheduling and optimization. Currently, it is becoming the standard method for modeling optimization problems and is attracting widespread
commercial interest as it is based on a strong theoretical foundation and can solve real-hard
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problems.
A constraint is a relation among several variables, each of which ranges over a given
domain. So a constraint restricts the values that its variables can take. In CP, a problem
can be solved by rst stating constraints about the problem area and, consequently, nding
a solution that satis es all the constraints. The last task is carried-out by a solver. Thus,
CP uses constraints to declaratively state the problem without specifying a computational
procedure to enforce them. Constraints in CP are generally expressed by a rich language that
includes linear and non-linear constraints or logical combinations of constraints. Actually,
the expressiveness of this language depends on the capabilities of the underlying solver.
A problem in CP expressed as a set of constraints is called Constraint Satisfaction
Problem (CSP). A CSP is formalized as a set of variables V , a set of domain of values D
and a set of constraints C . Domain of values can be reals, integers, boolean, enumerations
or powersets and are associated to one or more variables. Constraints are mathematical
expressions over a subset of V restricting the values these variables can take. A solution to
a CSP is an assignment in which each variable in V takes a value from its corresponding
domain in D as long as it does not violate the constraint set C . The solution space of a CSP
is the set of all its solutions. A CSP is satis able if its solution space is not empty, i.e. it
has at least one solution. For example, the CSP ({x; y}; {[0 : : : 2]; [0 : : : 2]}; {x < y; x > 0})
is satis able as its solution space contains the sole solution {x 7→ 1; y 7→ 2}.
Instead of getting one or all solutions of a CSP, a user goal could be to nd those solutions that satisfy an objective function. This type of CSP is called Constraint Satisfaction
Optimization Problem (CSOP) as it actually de nes an optimization problem. In relation
to CSPs, the solution space of a CSOP is called minimum space. The objective function is
just a function over a subset of V .
In CP, constraints are used actively to deduce infeasible values and delete them from the
domains of variables. This mechanism is called constraint propagation. It represents the core
of CP systems. Each constraint computes impossible values for its variables and informs
other constraints. This process continues as long as new deductions are made. Constraint
propagation is associated with tree search techniques in order to nd solutions or prove
optimality. Each node and each decision will induce constraint propagation automatically.
Many speci c and ecient algorithms are used in this propagation, but do not need to be
known by the end-user. This allows persons who are familiar with problem modeling to
quickly use such techniques for optimization or generation of solutions.
Apart from the basic CP research domain, various sub-domains have been created for
deriving and implementing di erent solving techniques for di erent types of problems that
can be modeled with CP. On such domain is the domain of Dynamic Constraint Satisfaction
(DSC) [VJ05] that was created to deal with dynamic application domains whose problems
change at design or even at run time of the solving engine. In DSC, a dynamic constraint
satisfaction problem (DSCP) is a sequence of CSPs, each one produced from some changes
in the de nition of the previous one. A change may a ect any part of problem de nition:
variables, domains of variables, constraints, constraint scopes (addition or removal of a
variable in constraint's de nition), or constraint de nition (e.g change in the mathematical
expression). This domain will be analyzed in detail in chapter 6 as its techniques and
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algorithms will be used as one of the basic implementing techniques of our developed and
implemented QoS-based WS matchmaking algorithms.
Another interesting sub-domain of CP is the one dealing with soft-constraints and is
called preference reasoning [Ros05]. This domain has been created to deal with application domains where the problems are usually over-constrained or they can be described
with preferences rather than hard constraints/statements or the solutions to these problems
have di erent desirability. However, as preferences can be expressed in a quantitative or
qualitative way according to the problem we want to model, they can be conditional or
unconditional, and can co-exist with constraints, many formalisms have been proposed in
order to be specify them eciently and reason with them e ectively. For example, soft
constraints [BMR97] are most suited for reasoning about constraints and quantitative preferences, while CP-nets [BBHP04] are most suited for representing qualitative and possibly conditional preferences. Soft constraints and one of their representation formalisms
(semiring-based CSPs [BMR97]) will be further investigated in chapter 6 as they can be
used, in our opinion, to represent optimization problems used to solve over-constrained QoS
demands.

2.3.3 Comparison
CP has the advantages that: a) it can solve linear and non-linear constraints; b) constraints
can be combined conjunctively and disjunctively while the negation of constraints is also
allowed; c) it is quite ecient in solving constraints involving integer variables with small
domains; d) the representation of a CSP is very close to the original problem since the
CSP variables correspond directly to domain entities and the constraints can be expressed
naturally without translating them into linear inequalities. Unfortunately, CP also presents
the following disadvantages: a) the use of real-valued variables in constraints is under ongoing research and no commercial product really supports this feature yet; b) when integer
variables with medium-sized and large domains are involved in constraints, constraint propagation can be slow, especially when the constraints involving them are not very restrictive;
c) CP solvers cannot in general deal with optimization problems in an ecient way, as their
focus is on satisfaction problems.
On the other hand, MIP has the advantages that: a) MIP variables can be integer or
real-valued; b) the size of the domain of the variables does not play a very important role
in solving; c) feasibility (consistency) checking is very ecient as it is inherited from LP
which uses very mature technologies. However, MIP also has the following disadvantages: a)
non-linear problems are hard to solve; b) only conjunctions of constraints can be naturally
expressed; c) constraints must be expressed with (linear) inequalities.
Based on the disadvantages of both CP and MIP, there is now a trend in combining
these techniques for solving real-life hard problems. However, the subject of this subsection
and of course this thesis is not to propose a technique for combining CP with MP. On the
contrary, the objective is to evaluate and compare the behavior of consistency (feasibility)
checking and matchmaking algorithms implemented using CP and MIP so as to reveal: a)
which is the best from the two techniques and in which case, and b) by choosing a speci c
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technique according to a speci c case, which from our developed matchmaking algorithms
is better according to the WS requester preferences.
One last but important remark to be made is that solving non-linear constraints with any
technology is a NP-complete problem. Thus, in the worst case any QoS-based WS matchmaking algorithm will need non-polynomial time to solve models (i.e. QoS descriptions)
that contain non-linear constraints.

2.4 Conclusions
This chapter introduced the main concepts and their roles in the WS Description and Discovery processes, after providing the exact de nitions of both of these processes. Moreover,
it analyzed the main requirements that these two processes impose in order to be achieved.
Then it explicated and theoretically compared the two main techniques that are used by our
thesis in order to perform QoS-based WS matchmaking and selection: MIP and CP. The
scope of this chapter was to equip the interested reader with the appropriate knowledge in
order to be able to follow up with the remaining chapters of this dissertation and to better
understand our main contributions, the e ort taken to achieve them and their outcome and
bene ts.
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Chapter 3

Role of QoS for Web Services
As Quality of Service (QoS) is the dominant concept used throughout this dissertation,
this chapter provides a comprehensive analysis of the conceptualization of QoS for WSs.
It also reveals the main domain-independent QoS attributes that are appropriate for the
description of WSs. In addition, some domain-dependent QoS attributes are also shortly
analyzed taken from the application domain of Trac Monitoring. Finally, the role that
QoS can play in the management of WSs is elaborated. For this reason, this chapter is
organized into three sections. Section 3.1 de nes QoS for Web Services. The next section 3.2
exposes the main domain-independent and some domain-dependent QoS attributes. The
last section 3.3 analyzes the bene ts of using QoS in WSs. Similarly to the scope of the
previous chapter 2, the purpose of this chapter is to equip the interested reader with the
appropriate knowledge in order to be able to a) follow up with the remaining chapters of
this dissertation, b) understand the bene ts of our thesis and c) x the terminology used
throughout this dissertation in order to make it self-contained.

3.1 QoS De nition
The international quality standard ISO 8402 (part of the ISO 9000 [Lie94]) describes quality
as \the totality of features and characteristics of a product or service that bear on its ability
to satisfy stated or implied needs ". According to [DSGF03], what de nes quality is vague,
and di erent views exist in di erent studies and from di erent perspectives. The following
three views are most common ones:
1. Quality as Functionality. According to this view, quality is considered as the
amount of functionality that a service can o er to its users. For example, if SP1 allows
you to rent a car besides booking ights and hotel rooms, and if this functionality is
not provided by SP2 or SP3, then SP1 is o ering a better quality than SP2 and SP3.
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2. Quality as Conformance. According to this view, quality means meeting speci cations. For example, if SP1 has speci ed that his WS will be available 0.9999 of the
time and this was true, then SP1 is considered as o ering good quality of service.
3. Quality as Reputation. According to this view, quality depends on users' experience
and expectation from a WS and its value is built collectively over the time of the
service's existence from users' feedback [MS02]. For example, if WSs have consistently
provided speci c functionality with speci c performance levels at all time of their
operation, then they provide good quality of service.
These di erent views of quality require QoS to be monitored and measured di erently.
Quality as functionality characterizes the design of a service and can only be measured
by comparing the service against other services o ering similar functionalities. Quality as
conformance, on the other hand, can be monitored for each service individually, and usually
requires the user's experience of the service in order to measure the \promise" against the
\delivery". Finally, reputation can be regarded as a reference to a service's consistency over
time in o ering both functionality and conformance qualities, and can therefore be measured
through the other two types of quality over time.
While it is possible to establish all three types of quality for a service in an SOC environment, it is perhaps most interesting and relevant to understand how quality as conformance
may be monitored and measured. The reasons for this are the following: Firstly, the rst
type of quality is already established in the SOC environment with the usage of the WSDL
and UDDI standards, although nobody reassures that the functionality exposed by a service is the same with the one advertised by the service's provider. Secondly, the reputation
of a service is just an indicator of the overall QoS of the service over time that depends
on user expectations and other imponderable factors (advertisement, nancial and political
interests, etc.). So reputation can only be used as a secondary QoS property that can be
measured and computed by monitoring and other authorities.
Thus, by the above de nition and view, we consider QoS of a Web Service (WS) as a

set of non-functional characteristics/attributes that may impact the quality of
the service o ered by the WS. If a WS is advertised to have certain values (or range
of values) in these QoS attributes, then we say that the WS conforms to provide a certain
QoS level.

3.2 QoS Attributes Exposure
Quality of Service research has been an active research area for several domains. The term
\quality of service" has been used for expressing non-functional requirements for di erent
areas such as network research community [Cru95, GGPS96, SF01] and in real time issues [CSZ92]. There is some research e ort in de ning QoS in distributed systems. The focus
is primarily on how to express the QoS for a system, and how these requirements are propagated to the resource manager to ful l the QoS requirements [TVB00]. [HHR+ 97] presents
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a layered model for representing QoS for telecommunication applications. It presents service quality function, QoS schema mapping and price-QoS trade-o . [FK98] present a QoS
speci cation language. They advocate its use for designing distributed object system, in
conjunction with the functional design. [SCD+ 97] categorizes the QoS from di erent viewpoints: application, system and resource. It speci es QoS in terms of metrics and policy.
All the above research e orts categorize and de ne QoS from their perspective with
some overlap between them. There is not great consensus about a set of QoS important
to distributed systems. There is even less research done on the QoS for SOA. However,
some QoS attributes have been found that are common in most of the above research e orts
and are directly applicable to WSs. These are general, cross-domain, QoS attributes, i.e.
they are independent of the domain the WS belongs to. In the rst { section 3.2.1 { of the
next two subsections, we are going to analyze this set of common domain-dependent QoS
attributes.
Of course, there will be and some domain-dependent QoS attributes that will depend
on the domain(s) of knowledge a WS applies to. For example, QoS attributes regarding
information quality will be important for a data warehouse WS [LSKW02]. Another more
speci c example is the following: a service such as a car rental service will involve attributes
belonging to multiple domains, such as the travel and retail domains. Attributes such as
price belong to both domains, but an attribute such as \ exibility of reservation changes"
has a speci c meaning in the travel domain. However, determining the attributes that apply
to a particular domain is nontrivial and needs to be decided by the community of users and
providers as they settle upon ways to distinguish and evaluate di erent o erings. For this
reason, we are not going to enumerate and explain the meaning of any possible QoS domaindependent attribute that characterizes any possible domain. On the contrary, we are only
going to enumerate the most important domain-dependent QoS attributes that are required
to be speci ed for the Trac Monitoring application domain in subsection 3.2.2. This is
done not only for providing a speci c example of domain-dependent QoS attributes but
also because most of the paradigms and testing frameworks of the following chapters of this
dissertation will use this application domain and its QoS attributes.

3.2.1 Domain-Independent QoS Attributes
There are many aspects of QoS important to Web services. We are starting to organize
them into QoS categories. Each category needs to have a set of quanti able parameters
or measurements. Further research is needed in this area. For illustration purposes, the
categories are de ned here. They are described brie y, followed by a question as an example
to show what type of questions the particular QoS can address. To facilitate the description,
the categories are grouped into di erent types, i.e. QoS related to runtime, transaction
support, con guration management and cost and security. This categorization is based on
the research works of [FK98, AN02, SA03, Ran03, LJL+ 03].
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Runtime Related QoS
Scalability { The capability of increasing the computing capacity of service provider's
computer system and system's ability to process more operations or transactions in a given
period. It is related to performance. Web services should be scalable in terms of the number
of operations or transactions supported.
Q : Will the system scale up to handle X transactions per second? This is closely related to
throughput and performance.
Capacity { Limit of concurrent requests which should be provided with guaranteed performance.
Q : How many concurrent connections does the service support?
Performance { a measure of the speed in completing a service request. It is measured
by:
•

Response time { the guaranteed max (or average or min) time required to complete a
service request (related to capacity).

•

Latency { Time taken between the service request arrives and the request is being
serviced.
Q : What is the average delay on servicing a request?

•

Throughput { The number of completed service requests over a time period. Throughput is related to latency/capacity.

•

Execution time { the time taken by a WS to process its sequence of activities.

•

Transaction time { the time that passes while the WS is completing one complete
transaction. This time may depend on the de nition of WS transaction.

In general, high quality web services should provide higher throughput, faster response time,
lower latency, lower execution time, and faster transaction time.
Reliability { The ability of a service to perform its required functions under stated
conditions for a speci ed period of time. It is the overall measure of a WS to maintain its
service quality. Reliability is also related to the assured and ordered delivery of messages
being transmitted and received by service requestors and providers. It can be measured by:
•

Mean time between failure (MTBF)

•

Mean Time to Failure (MTF)

•

Mean Time To Transition (MTTT)

•

Availability { It is the probability the system is up and related to reliability. It can be
measured as [Gun00]:
A=

hupT imei
hupT imei
=
htotalT imei
(hupT imei + hdownT imei)
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Where: hupT imei is the total time the system has been up during the measurement
period, hdownT imei is the total time the system has been down during the measurement period, and htotalT imei is the total measurement time (sum of hupT imei and
hdownT imei).
Q : What is the chance that the service is available when I invoke it?
•

Continuous availability { It assesses the probability with which a client can access a
service an in nite number of times during a particular time period. The service is
expected not to fail and to retain all state information during this time period. We
could for example require that a particular client can use a service for a 60 minute
period without failure with a probability of 0.999. Continuous availability is di erent
from availability in that it requires subsequent use of a service to succeed but only for
a limited time period.

•

Failure masking { It is used to describe what kind of failures a server may expose to
its clients. A client must be able to detect and handle any kind of exposed failure.
The types of failure than can be exposed are the following: failure, omission, response,
value, state, timing, late, and early. The QoS speci cation for a particular WS will
list the subset of failures exposed by that service. The above types of failures are
categorized { as it can be seen by Fig. 3.1. If a service exposes omission failures, clients
must be prepared to handle a situation where the service simply omits to respond to
requests. If a service exposes response failures, it might respond with a faulty return
value or an incorrect state transition. Finally, if the service exposes timing failures, it
may respond in an ultimately manner. Timing failures have two subtypes: late and
early timing errors.

•

Operation semantics { they describe how requests are handled in the case of failure. We can specify that issued requests are executed exactlyOnce, atLeastOnce, and
atMostOnce.

•

Server failure { it describes the way in which a service can fail. That is, whether it
will halt inde nitely, restart in a well de ned initialState, or restart rolledBack to a
previous checkpoint.

•

Data policy { When a service fails and then restarts, the client needs to know if data
returned by the service is still valid. To specify this, we need to associate data policy
with entities such as return values or arguments.

Robustness/ Flexibility { It is the degree to which a service can function correctly in the
presence of invalid, incomplete or con icting inputs.
Q : Will the service still work if incomplete parameters are provided to the service request
invocation?
Exception handling { Since it is not possible for the service designer to specify all the
possible outcomes and alternatives (especially with various special cases and unanticipated
possibilities), exceptions can be expected. Exception handling is how the service handles
these exceptions. It can be in a brutal or a graceful way.

41

3.2. QOS ATTRIBUTES EXPOSURE

Figure 3.1: Types of failure of a server

Q : How will the service still work correctly if I give less number of parameters than it
requires?
Accuracy { De nes the error rate produced by the service. The number of errors that
the service generates over a time interval should be minimized.
Q : How many errors does the service produce over a period of time?

Transaction Support Related QoS
Integrity { Transactions can be grouped into a unit in order to guarantee the integrity of the
data operated on by these transactions. The unit can either be successful where all transactions in the unit \commit" or all \roll back" to their original state in case of a transaction
failure. This is described by the ACID properties: Atomicity (executes entirely or not at
all), consistency (maintains the integrity of the data), isolation (individual transactions run
as if no other transactions are present) and durability (the results are persistent)).
A two-phase commit capability is the mechanism to guarantee the ACID properties
for distributed transactions running over tightly coupled systems as if they were a single
transaction. It is more dicult in the Web services environment, as the transactions may
involve more than one business partner with the possibility of transactions spanning over
long time (hours or days) - Long Running Transactions (LRT). The transaction integrity is
still described by ACID properties, although it is a much harder to achieve in this case. It
may require di erent mechanisms.
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Con guration Management and Cost Related QoS
Regulatory { It is a measure of how well the service is aligned with regulations.
Q : How aligned is the service with appropriate regulations?
Supported Standard { A measure of whether the service complies with standards (e.g.
industry speci c standards). This can a ect the portability of the service and interoperability of the service with others. One example is ISO 8583, which is a standard for creating and
reading nancial transaction messages including Point of Sale (POS) transactions [Lie94].
Q : How much does the service adhere to applicable standards? Or what standards does the
service comply?
Stability/change cycle { A measure of the frequency of change related to the service in
terms of its interface and/or implementation.
Q : How stable is the service, how often it changes (interface and implementation)?
Guaranteed messaging requirements { does it ensure the order and persistence of the
messages?
Cost { It is a measure of the cost involved in requesting the service.
Q : What is the cost based on (per request or per volume of data)?
Completeness { A measure of the di erence between the speci ed set of features and the
implemented set of features.
Q : How many of the speci ed features are currently available?
Reputation { The reputation qrep (s) of a service S is a measure of its trustworthiness. It
mainly depends on end user's experiences on using the service S . Di erent end users may
have di erent opinions on the same service. The value of the reputation
is de ned as the
Pn
i
=1 Ri
average ranking given to the service by end users, i.e. qrep (s) = n , where Ri is the
end user's ranking on a service's reputation and n is is the number of times the service has
been graded. Usually, end users are given a range to rank Web Services. For example, in
Amazon.com, the range is [0, 5]. Alternatively, a ranking of an end user to a service can be
a vector of values of some QoS attributes. From this vector, a QoS value can be obtained
which is then averaged over all user rankings to get the overall reputation of the service.

Security Related QoS
WSs should be provided with the required security. With the increase in the use of WSs
which are delivered over the public Internet, there is a growing concern about security. The
WS provider may apply di erent approaches and levels of providing security policy depending on the service requestor. Security for WSs means providing authentication, authorization,
con dentiality, traceability/auditability, data encryption, and non-repudiation. Each of these
aspects is described below: Authentication { How does the service authenticate principals
(users or other services) who can access service and data?
Authorization { How does the service authorize principals so that only these can access the
protected services?
Con dentiality { How does the service treat the data, so that only authorized principals can
access or modify the data?

43

3.2. QOS ATTRIBUTES EXPOSURE

Figure 3.2: Mapping of application level QoS parameters to network level QoS parameters

Accountability { Can the supplier be hold accountable for their services?
Traceability and Auditability { Is it possible to trace the history of a service when a request
was serviced?
Data encryption { How does the service encrypt data?
Non-Repudiation { A principal cannot deny requesting a service or data after the fact.
Q : How does the service provider ensure these security requirements?

Network Related QoS Attributes
Today, research activities in applications, Web services, and communication networks are
running in many aspects widely independent from each other. In most cases, researchers
of applications and Web service technologies assume that existing communication infrastructures provide reliable communication. Furthermore, researchers in middleware, Web
services, and applications are not very considerate of the resources provided by the underlying networks. On the other hand, research activities in certain communication architectures and protocols are performed with less attention to requirements of actual applications.
Therefore, most applications cannot actively consume the Quality of Service (QoS) that
may be supported in the communication networks, and on the other hand common network
technologies do not support application-dependent requirements.
To achieve desired QoS for web services, the QoS mechanisms operating at the web
service application level must operate together with the QoS mechanisms operating in the
transport network (e.g., RSVP, Di Serv, MPLS, etc.) which are rather independent of
the application. In particular, application level QoS parameters should be mapped appropriately to corresponding network level QoS parameters [TGN+ 03, LJL+ 03]. Figure 3.2
(copied from [TGN+ 03]) gives examples for parameters on di erent layers when mapping
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applications and services onto certain transmission technologies or when pushing performance parameters from transmission technologies up to applications, respectively. The
communication and cooperation between di erent layers allows an ecient utilization of the
underlying network resources as well as a better support of application-dependent requirements. It must be highlighted that the abovementioned mapping of parameters is not the
concern of this report. More information on how to achieve this mapping can be found
in [TGN+ 03, LJL+ 03].
Basic network level QoS parameters include network delay, delay variation, and packet
loss, and they are described as follows:
Network delay { it is the average length of time a packet traverses in a network. The
network delay can be handled by a good network design that minimizes the number of hops
encountered and by the advent of faster switching devices like Layer 3 switches and tag
switching system such as MPLS systems and ATM switches.
Delay variation { it is the variation in the inter-packet arrival time (leading to gaps,
known as jitter, between packets) as introduced by the variable transmission delay over
the network. Removing jitter requires collecting packets in bu ers and holding them long
enough to allow the slowest packets to arrive in time to be played in correct sequence. Jitter
bu ers may cause additional delay, which is used to remove the packet delay variation as
each packet transits the network.
Packet loss { The Internet does not guarantee delivery of packets. Packets will be
dropped under peak loads and during periods of congestion. Approaches used to compensate
for packet loss include replay of the last packet, and transmission of redundant information.
Out of order packets may need to be re-ordered at the receiver.
In addition, network management mechanisms may also be involved in controlling and
managing QoS for web services.

3.2.2 Domain-Dependent QoS Attributes
The examples used for validating theoretically and evaluating experimentally the main contributions of this thesis rely on the application domain of Trac Monitoring [CCP07]. In
this domain, WSs provide up-to-date information about local and inter-state trac to business and retail customers across the US. The QoS of these WSs is characterized by two
di erent sets of attributes: domain-dependent and domain-independent.
Domain-independent QoS attributes refer mostly to technical aspects of service provisioning irrespective of the application domain used. For the sake of simplicity, we consider
seven (7) domain independent QoS attributes: reliability, data encryption, refresh time, execution time, availability, reputation, and price. Data encryption and price are static QoS
attributes whose values are known at design time so it's not required to be measured by
a QoS metric. Data encryption refers to the algorithms adopted for protecting data from
malicious accesses while price is the subscription or monetary cost for using the WS. On
the other hand, reputation is a QoS attribute that is not advertised by WS providers but is
computed by WS registries by taking the average of WS executors feedback. However, WS
requesters may give constraints for this QoS attribute. The latter is the main reason for
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taking it into account. Reliability is measured by the MTBF metric that measures for how
long a WS can function in an error-free manner. Availability is measured with the help of
the upT ime and downT ime metrics based on the formula previously analyzed that gives a
raw metric of availability (which has a timeseries value type). Of course, metrics computing
the average, min and max values of the raw metric can also be used. Execution time can
be measured by a raw metric but { similarly to availability { it can also be measured by
high-level statistical metrics.
Domain-dependent QoS attributes strongly rely on the application domain of the WS
advertized/queried. For the Trac Monitoring domain, we also consider eight (8) QoS
attributes that characterize mainly the quality and other domain-dependent characteristics
of the data processed and produced. These QoS attributes are: covered area, routes set,
detail level, accuracy, completeness, validity, timeliness, and coverage. The rst three QoS
attributes are static. The covered area QoS attribute characterizes the extensiveness of the
area over which the WS is able to provide trac information. Routes set is the set of route
types that a WS supports. For instance, a WS may provide information only on national
highways while other WSs may also consider inter-state or local routes. Similarly, the detail
level of trac information provided by a WS may also vary. A WS may provide information
on accidents and trac jams while other WSs may also provide information about closed
routes, detours and predictions about future conditions of local trac.
The other four QoS attributes are highly dynamic and there are many di erent QoS
metrics for measuring them. Accuracy is the measure or degree of agreement between a
data value or set of values and a source assumed to be correct. It is also de ned as a
qualitative assessment of freedom from error, with a high assessment corresponding to a
small error. Accuracy can be measured using one of the following three error metrics: Mean
Absolute Percent Error (MAPE), Signed Percent Error (SPE) and Root Mean Squared Error
(RMSE). These three metrics are calculated based on the following three formulas:
MAP E (%) =
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n

Ã n ¯
!
X ¯ Xi − Xreference ¯¯
¯
¯
×
¯ Xreference ¯

µ ¶
1

Ã n
!
X Xi − Xreference

µ ¶
1

n

i=1

×

i=1

Xreference

v
!
uµ ¶ Ã n
X
u 1
=t
×
(Xi − Xreference )2

n

i=1

where Xi is the observed data value, Xreference is the reference (i.e. ground truth) value, and
n is the total number of observed data values. RMSE can also be expressed as a percentage.
These di erent error formulations are all valid measures of accuracy but may reveal slightly
di erent interpretations. The mean absolute percent error (MAPE) and signed error (SPE)
are expressed as percentages; thus, these formulations may be used to compare the relative
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accuracy of di erent attributes (e.g., trac volume count and speed measurement accuracy).
Because the signed error does not use absolute error values (as MAPE does), the signed error
formulation may reveal whether there is a consistent bias in measurements. The root mean
squared error (RMSE) is an error formulation that is commonly available in many statistical
software applications. The correct source of data is typically referred to as ground truth,
reference, or baseline measurements. Ground truth data can be collected in several di erent
ways for each trac data element. In many cases, ground truth data are collected from
specialized equipment and reduced in a rigorous manner that minimizes error.
The QoS attribute of completeness represents the degree to which data values are present
in the attributes (e.g., volume and speed are attributes of trac) that require them. Completeness is typically described in terms of percentages or number of data values. Completeness can refer to both the temporal and spatial aspect of data quality, in the sense
that completeness measures how much data is available compared to how much data should
be available. It can be measured using a percentage metric computed from the following
formula:
n
P ercentComplete (%) = availableV alues × 100
ntotalExpected
where navailableV alues is the number of records or rows with available values present and
ntotalExpected is the total number of records or rows expected. The number of data records
expected is a function of the application. The percent complete statistic is de ned to include
all \values present". In this respect, completeness is de ned as including both valid and
invalid data values, as long as both types of data values are present in the version of data
being evaluated. However, if a particular data process removes invalid data values from
a database instead of agging them as invalid and permanently storing them, then these
purged invalid data values would not be included in the completeness statistic because they
are not \present".
Validity is the degree to which data values satisfy acceptance requirements of the validation criteria or fall within the respective domain of acceptable values. Data validity can be
expressed in numerous ways. One common way is to indicate the percentage of data values
that either pass or fail data validity checks. It can be measured by a metric computing the
percentage of data passing validity criteria with the following formula:
P ercentV alid (%) =

nvalid
× 100
ntotal

where nvalid is the number of records or rows with values meeting validity criteria and ntotal
is the total number of records or rows subjected to validity criteria. Validity criteria (also
referred to as business rules or validation checks) are de ned in many data management
applications and can range from a single simple rule to several levels of complex rules.
A simple rule might specify that trac volume counts cannot exceed a maximum value
associated with road capacity (such as 2,600 vehicles per hour per lane) or that trac
speeds can not exceed a reasonable threshold (such as 100 mph). Other validity criteria for
trac data could include the following:
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Figure 3.3: Illustration of Completeness and Validity metrics
•

Compare multiple data elements (i.e., volume, occupancy, and speed) to check for
inconsistency among trac data values;

•

Compare trac data to historical averages or trends from previous days, months, or
years;

•

Compare trac data to similar nearby locations (upstream or downstream) to check
for continuity of trac ow;

•

Compare trac data in consecutive time periods to identify rapid uctuations.

Validity criteria are often based on \expert opinion" and are generally viewed as \rules
of thumb" although some validity criteria may be based on established theory (e.g., road
capacity) or scienti c fact (e.g., cannot record a zero volume and non-zero speed). The
speci c validity criteria will likely vary from place to place, as each trac data collector or
manager brings experience with certain roadway locations, trac data collection equipment,
or collection hardware and software.
The di erence between completeness and validity is best represented with the example
of Figure 3.3. In this gure, the pie represents the total amount of data that is expected
to be collected (based on data collection plan or data polling rates). The percent complete
statistic includes both valid (slice #3) and invalid (slice #2) values, divided by the total
expected number of values (entire pie). The percent valid is the valid values (slice #3)
divided by the total values checked (slice #2 and #3).
The last QoS attribute, timeliness, represents the degree to which data values or a set
of values are provided at the time required or speci ed. Timeliness can be expressed in
absolute or relative terms. It can be measured by two di erent metrics: Percentage of data
received within acceptable time limits (PTD) and average delay for late data (ADLD). The
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PTD metric is expressed by the following formula:
P ercentT imelyData(%) =

non−time
× 100
ntotal

where non−time is the number of data messages or packets received within acceptable time
limits and ntotal is the total number of data messages or packets received. The ADLD metric
is expressed by the following formula:
µ

ADLD =

1

nlate

¶
×

³X

(tlate ) − (texprected )

´

where nlate is the number of data messages or packets received outside acceptable time
limits, tlate is the actual arrival time of a late data message or packet, and texprected is the
expected arrival time of a late data message or packet.
Besides the last four QoS attributes, another QoS attribute that can be modeled is the
one of coverage which represents the degree to which data values in a sample accurately
represent the whole of what is to be measured. As with other measures, coverage can be
expressed in absolute or relative units. Coverage can be expressed as the percent of roadways
(or the transportation system) represented by trac data. For illustration purposes, in our
examples coverage is computed from the following formula:
cov =

coveredareareq ∩ coveredareaadv
coveredareareq

where coveredareareq is the set of values determining the area the WS requester wants to
cover while coveredareaadv is the set of values determining the area the WS covers.
In certain cases, composite metrics can be used by combining the metrics used in measuring the last ve (dynamic) QoS attributes. The computed metrics would be useful in
relative comparisons or rankings. A composite data quality score that may be useful for
performance monitoring applications combines the completeness, coverage and validity attributes to create a \composite system completeness"metric:
CompositeSystemCompleteness(%) = P ercentCoverage×P ercentComplete×P ercentV alid

It must be stated that as WSs may produce data or information products, their QoS
should include quality attributes characterizing the quality of the data or the information
they produce. However, this type of QoS attributes is domain-dependent as it depends on the
application domain of the WS. A small subset of the possible list of these QoS attributes was
actually included in our modeling of the Trac Monitoring application domain and included
the attributes of accuracy, completeness, validity, and timeliness. As we show in our modeled
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application domain, these attributes had concrete QoS metrics so it was straightforward to
express WS capabilities or user requirements with constraints on the QoS metrics of these
attributes. However, as data and information quality constitutes a vast area of research, we
have to further investigate if all the QoS attributes of this research area can be correctly
modeled with our proposed QoS model and language. Thus, we can safely state that until
now some of the QoS attributes of data or information quality can be represented in our
QoS model and language and we will further investigate in the near future if our QoS model
is enough for capturing any QoS attribute of this research area.

3.3 Bene ts of QoS Usage for Web Services
According to [CSM+ 04], several researchers have identi ed Web Processes (WPs) as the
computing model that enables a standard method of building WSs applications and processes to connect and exchange information over the Web. For organizations, being able
to characterize WPs based on QoS has four distinct advantages. First, it allows organizations to translate their vision into their business processes more eciently, since a WP can
be designed according to QoS metrics. For e-commerce processes it is important to know
the QoS an application will exhibit before making the service available to its customers.
Second, it allows for the selection and execution of WPs based on their QoS, to better
ful l customer expectations. As WP systems carry out more complex and mission-critical
applications, QoS analysis serves to ensure that each application meets user requirements.
Third, it makes possible the monitoring of WPs based on QoS. WPs must be rigorously
and constantly monitored throughout their life cycles to assure compliance both with initial
QoS requirements and targeted objectives. QoS monitoring allows adaptation strategies to
be triggered when undesired metrics are identi ed or when threshold values are reached.
Fourth, it allows for the evaluation of alternative strategies when adaptation becomes necessary. The unpredictable nature of the surrounding environment has an important impact
on the strategies, methodologies, and structure of business processes. Thus, in order to
complete a WP according to initial QoS requirements, it is necessary to expect to adapt,
re-plan, and reschedule a WP in response to unexpected progress, delays, or technical conditions. When adaptation is necessary, a set of potential alternatives is generated, with the
objective of changing a WP as its QoS continues to meet initial requirements. For each
alternative, prior to actually carrying out the adaptation in a running WP, it is necessary
to estimate its impact on the WP's QoS. For example, when a WP becomes unavailable due
to the malfunction of its components, it is indispensable to evaluate the adaptive strategies
that can be applied to correct the process. It is essential that the services rendered

follow customer speci cations to meet their expectations and ensure satisfaction. Customer expectations and satisfaction can be translated into the quality
of service rendered. Organizations have realized that quality of service management is

an important factor in their operations.
As WPs are composed or single WSs, all the above advantages of QoS management of
WPs also apply to Web Services. That is Web Services can be designed and implemented
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according to QoS metrics (properties). They can also be discovered and selected based
on their QoS capabilities. In addition, they can be monitored in order to reassure the
promised QoS levels to the customers. Moreover, monitoring of QoS for Web Services can
trigger adaptation strategies when undesired metrics are identi ed, threshold values are
reached, network or software or hardware errors happen. Adaptation strategies include:
repair of malfunctioning components, usage of back-up machines, increase of CPU usage for
a customer's WS running operation, using alternative network paths, preference of undesired
QoS levels for a WS operation instead of improving them, interrupting clients' operations and
starting an operation of a \better" client, etc. The last strategy reveals one very important
advantage: A service provider can o er di erent QoS levels to di erent customers according
to QoS customer needs, the price the customer is willing to pay, his previous usage of the
service and even the social status of the customer. This means that the service provider can
actually control the pro t for the usage of his service and he can eventually maximize it.
Research work on this last issue can be found in [Moo01].
Now let us look more closely at the advantages of QoS Management in basic and other
SOA activities/functions. Let us start with Web Service Discovery. The Discovery of Web
Services process tries to nd a WS providing speci c capabilities, interfaces and other characteristics, requested by a WS client. Its result is a set of Web Services satisfying any or
most of the client requirements. The WS Discovery process provides better results if it
is supported by a complete and accurate WS Description. That is a description which is
formal, complete and accurate and provides any possible aspect that di erentiates one WS
from the other besides functionality. One aspect that currently is not supported by the Web
Services standards and not fully supported by other (complementary or not) research e orts
is the QoS description of a WS. The WS Discovery process may return many functionallyequivalent results. In this way, it will harden the user task of selecting the most appropriate
WS. If QoS description was incorporated into WS Description, then the returned result list
would be ltered out to include only the results providing better QoS performance. Furthermore, the ltered results list can be ordered based on a user function specifying which
QoS characteristics are more important to him. In this fashion, the discovery step would
not only provide a more constrained result list but would also suggest the best result for the
user, thus helping him in the task of WS Selection.
After the step of WS Selection, even if the WS client has found the appropriate WS
for him, he is not con dent that the WS described QoS levels will actually be delivered to
him during WS execution. For this reason, the WS client and provider enter a multi-step
negotiation phase, where they try to agree on a trusted third-party entity monitoring QoS
levels delivered, on the penalties that will be imposed when one of the two main parties does
not keep up with its promises, on which situation each penalty applies, and on the validity
period of the promises. The result of this negotiation phase is a contract or a Service Level
Agreement (SLA) document that will give con dence and trust to the entities providing and
consuming the service and will lead and guide the process of WS Execution. If the WS
client and provider do not come into agreement, the negotiation is stopped and the WS
client must try to contact the second WS from the returned list of the WS Discovery phase.
A composed WS consists of a combination of WSs and internal operations/processes.

51

3.4. CONCLUSIONS
The process model underlying a composite WS identi es the functionalities required by the
service to be composed (i.e. the tasks of the composite WS) and their interactions (e.g.
control- ow, data- ow, and transactional dependencies). Component services that are able
to provide the required functionalities are then associated to the individual tasks of the
composite WS and invoked during each execution of the composite service. However, the
number of services providing a given functionality may be large and constantly changing and
some of these services will not always be available due to network problems (e.g. partitions),
software evolution and repair, and hardware problems. Consequently, approaches where the
development of composite services requires the identi cation at design-time of the exact
service to be composed (after its discovery) are not appropriate.
The runtime selection of component services during the execution of a composite WS has
been put forward as an approach to address this issue [CIjJ+ 00, BSND02]. The idea is that
component services are selected by the composite service execution engine based on a set of
criteria. However, previous approaches in this area have not identi ed a set of criteria (other
than price and application-speci c criteria) and adopt a local selection strategy, i.e. they
assign a component service to an individual task one at a time. A new approach [ZBD+ 03]
overcomes the above de ciencies and can handle global user constraints and preferences
(like overall duration of the composite service execution or a budget constraint). The salient
features of this approach are a multi-dimensional WS quality model (for WS description) and
a global planning method/approach. In this method, quality constraints and preferences are
assigned to composite services rather than to individual tasks within a composite service.
Service selection is then formulated as an optimization problem and a linear programming
method is used to compute optimal service execution plans for composite services. However,
it must be indicated that this new approach works only for some of the QoS metrics. That is
global constraints can only be set for QoS metrics that can be derived from the corresponding
QoS metrics of the individual tasks and Web Services. These QoS metrics include execution
time, cost, reliability and reputation [CSM+ 04]. To conclude, we can see that by having a
QoS model for WS Description and QoS-based WS Discovery, the task of WS Composition
can be automated and individual service selection takes place as late as possible i.e. at run
time.

3.4 Conclusions
This chapter provided a comprehensive analysis of the conceptualization of QoS for WSs
by analyzing what is QoS, which views exist on QoS and the reason we chose one of these
views. It also revealed the main domain-independent QoS attributes that are appropriate for
the description of any WS. Moreover, it also shortly analyzed some domain-dependent QoS
attributes taken from the application domain of Trac Monitoring, which is the application
domain we chose for modeling QoS speci cations and providing them as input to the experimental evaluation of our proposed discovery algorithms. Finally, the role that QoS can
play in the management of WSs was elaborated. The scope of this chapter was the same as
with the previous one: to make the interested reader capable of with the remaining chapters
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of this dissertation, to understand the bene ts of our thesis and to x the terminology used
throughout this dissertation in order to make it self-contained.
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Chapter 4

Requirements for QoS-based Web
Service Description and Discovery
After reviewing related work in QoS-based WS description and discovery, we identi ed and
came up with a set of requirements [KP07b] that must be satis ed in order for these two
processes to be successful, accurate and complete. The goal of this chapter is to analyze
these requirements. The outcome of this chapter, i.e. the requirements, will be used in
the following two chapters { 5 and 6 { in order to compare the related work against these
requirements and to design and implement our contributions according to them. So this
chapter's importance deserves and is enough for making it a stand-alone chapter of this
dissertation.
This chapter is organized as follows. The rst section 4.1, is dedicated to the QoS
requirements of the WS description process. On the other hand, the last two { sections 4.2
and 4.3 { are dedicated to the QoS requirements of the two sub-processes (matchmaking
and selection) of the WS discovery process.

4.1 Requirements for QoS-based Web Service Description
In order to support QoS-based WS discovery, the QoS o er or demand of a WS must be
described. Therefore, we need a QoS (description) model that will be incorporated to the
overall WS description model. After studying and processing several research e orts, we
have come up with some general and speci c requirements [KP07b] that this QoS model
must satisfy. An analysis of these requirements is given below, from the most general
to the most speci c. For each requirement, the possible implications it raises regarding
the functionalities or obligations of the components of the WS Discovery Architecture are
discussed.
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4.1.1 Extensible and Formal QoS Model
In the presence of multiple Web Services with overlapping or identical functionality, service
requesters need objective QoS criteria to distinguish one service from another. It is supported
in [LNZ04] that it is not practical to come up with a standard QoS model that can be used for
all web services in all domains. This is because QoS is a broad concept that can encompass
a number of context-dependent non-functional properties such as privacy, reputation and
usability. Moreover, when evaluating QoS of web services, domain speci c criteria must be
taken into consideration. For example, in the domain of phone service provisioning, the
penalty rate for early termination of a contract and compensation for non-service, o ered
in the service level agreement are important QoS criteria in that domain. Therefore, an
extensible QoS model must be proposed that includes both the generic and domain speci c
criteria. In addition, new domain speci c criteria should be added and used to evaluate
the QoS of web services without changing the underlying computation (i.e. matchmaking
and ranking) model. Last but not least, the semantics of QoS attributes/concepts must be
described in order to ensure that both WS provider and consumer talk about the same QoS
attribute/concept. Sometimes, generic QoS attributes with the same name like \application
availability" may have di erent meanings to the parties that describe them (network level
of the hosting system, application that implements the service) or they may be computed
di erently. Other times, domain-dependent QoS attributes may have the same name but
obviously di erent meaning. So it is important to describe QoS attributes/concepts not
only syntactically but also semantically in order to have a better discovery (matchmaking)
process with high precision and recall.
The solution to the above problems is the use of ontologies. Ontologies provide a formal,
syntactic and semantic description model of concepts, properties and relationships between
concepts. They give meaning to concepts like QoS attributes, QoS o ers, domains, services
so that they are human-understandable and machine-interpretable while they provide the
means for interoperability [TEPP02, MS02, TGN+ 03, ZCL04]. Moreover, they are extensible
as new concepts, properties or relationships can be added to an ontology. In addition, SW
techniques can be used for reasoning about concepts or for resolving or mapping between
ontologies. These techniques can lead to syntactic and semantic matching of ontological
concepts and enforcement of class and property constraints (e.g. type checking, cardinality
constraints, etc.). Therefore, by providing semantic description of concepts and by supporting reasoning mechanisms, ontologies cater for better discovery process with high precision
and recall. Last but not least, ontologies can help specialized agents/brokers in performing
very complex reasoning tasks like WS discovery or mediation or negotiation.

Possible Implications { Obligations
Current WS registries are based on the UDDI model [BCC+ 04], which incorporates a description model that is poor and mainly syntactic allowing only taxonomies of concepts to
be described. Due to this description model, querying facilities of UDDI registries allow
only keyword search i.e. purely syntactic search. Therefore, WS registries must resort to
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ontological representation formalisms like OWL [BDH+ 03] to describe Web Services. In
fact, there has been developed a Web Service description language based on an OWL ontology, which is called OWL-S [ea03] and can be used for the description of Web Services
in registries. Fortunately, in order for a registry to remain compatible with its previous
UDDI technology, a mapping mechanism has been discovered [PKPS02] that maps OWL-S
descriptions to UDDI ones. Unfortunately, OWL-S comes with many de ciencies [SRvS03].
Nevertheless, it is a rst step towards semantic description and reasoning of Web Services.
However, OWL-S must be extended to include (or reference other ontologies that include)
a QoS-based model as it only now contains one attribute used for establishing a rating for
a service.

4.1.2 Syntactical Separation
QoS speci cations should be syntactically separate from other parts of service speci cations,
such as interface de nitions (WSDL). This separation allows us to specify di erent QoS
properties for di erent implementations of the same interface [FK98]. Moreover, while
functional constraints rarely change during runtime, QoS constraints can be changed during
runtime. So the separation of service o erings from WSDL descriptions enables that, if
needed, service o erings can be deactivated, reactivated, created, or deleted dynamically
without any modi cation of the underlying WSDL le [TMPE03]. Last but not least,
an o er could be referenced from multiple WSDL les and thus be reused for di erent
services [TGN+ 03].

Possible Implications { Obligations
Syntactical separation of QoS speci cations from interface de nitions can cause problems.
Entities that use/describe/store QoS service o erings should be responsible for QoS service
o ering dynamic management and their mapping to the corresponding interface de nitions.
To be more speci c about syntactical separation and following the paradigm of OWL-S
registries, separate OWL ontologies must be developed for QoS speci cation that would be
referenced by the ServicePro le element (it speci es what the service does) of an OWL-S
WS description [ZCL04].

4.1.3 Both Client and Service QoS Speci cation
It should be possible to specify both the QoS properties that clients require and the QoS
properties that services provide [FK98]. Moreover, these two aspects should be speci ed separately so that a client-server relationship has two QoS speci cations: a speci cation that
captures the client's requirements and a speci cation that captures the service's provisioning. This separation allows us to specify the QoS characteristics of a component, the QoS
properties that it provides and requires, without specifying the interconnection of components. The separation is essential if we want to specify the QoS characteristics of components
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that are reused in many di erent contexts. Talking in terms of ontologies, this separation
can be established by having two separate concepts (ProviderQoS and RequesterQoS ) to be
subclasses of the more general concept of QoSDescription ; the one describing the QoS o er
of a service provider and the other describing the QoS demand of a requester.

4.1.4 Re nement of QoS Speci cations
As previously described, syntactical separation provides reusability. But except from reusability, another form of extensibility is equally important. QoS speci cations should not only
be reused but also be re ned. This means that we can create a new WS QoS o ering by
referencing an older one and by adding constraints like re nement of an older QoS restriction or creation of a new one [FK98, TPP03]. In addition, templates of QoS o erings can
be created, usually for every domain of knowledge [FK98, ZCL04]. These templates can be
extended by Web Services applied to a domain that want to de ne their QoS o erings. This
is another sign for the ontology usage in QoS o ering description as this kind of extensibility
is tightly related to concept inheritance.

4.1.5 Fine-Grained QoS Speci cation
It should be possible to specify QoS properties at a ne-grained level [FK98]. As an example, performance characteristics are commonly speci ed for individual operations. As
another example, the data policy dimension (described in QoS Attributes Exposure section)
is applicable to arguments and return values of operations. A QoS model must allow QoS
speci cations for interfaces, operations, attributes, operation parameters, and operation results. Generally speaking, any service object can have QoS attributes (e.g., elements de ned
in WSFL [Ley01]) [KL03].

4.1.6 Symmetric Model of QoS Speci cation
In [CMDTT05], it is endorsed that a symmetric model of QoS speci cation must be adopted.
The reason for this lies beneath.

Asymmetric Models
Let S be a multidimensional space whose dimensions are given by domains of QoS parameters. Traditionally, a demand ( ) has been viewed as a subspace in S , whereas an
o er (!) has been viewed as a point in S . Thus, checking the conformance amounts to
checking whether the point (the o er) belongs to the subspace (the demand) or not. See
Figures 4.1(a) and 4.1(b), respectively. This checking can be computed easily by evaluating
! in  . As an example, if a web service owns the o er ! = {MT T F = 120}, then it is
conformant to the demand 1 = {MT T F ≥ 100} because 120 ≥ 100, but not to the demand
2 = {MT T F > 120} because MT T F2 > MT T F! .
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(a) Conformant

(b) Non-conformant

Figure 4.1: Conformance in asymmetric models
This interpretation of conformance results in a model which is asymmetric with regard
to the expressiveness of QoS speci cations. This semantics makes very dicult to specify
o ers when it is needed something else than a point, as an example to specify some uncertainty or a space. As most of programming languages are able to check if a point is inside a
space, whereas checking if a space includes another space is a hard question, most of platforms have adopted an asymmetric speci cation model. As well, these approaches with an
asymmetric model usually own a limited expressiveness because conditions are restricted to
simple expressions involving single parameters, so complex expressions are not allowed.

Symmetric Models
Alternatively, an o er can be also considered as a sub-space, just as demands, so that it
represents the ranges of quality-of-service values that the corresponding web service guarantees to supply. In this way, an o er (!) is conformant to a demand ( ) whenever the
o er's sub-space is inside the demand's sub-space (see Figure 4.2(a)), otherwise the o er
is not conformant (see Figure 4.2(b)). As an example, if a web service owns the o er
! = {MT T F ≥ 120}, then it is conformant to the demand 1 = {MT T F ≥ 100}, but not
to the demand 2 = {MT T F > 120} because the o er's instance value {MT T F = 120} is
out of the demand's space.
This interpretation of conformance results in a symmetric model because QoS in demands
and o ers can be speci ed in the same way. This semantics makes the o er guarantee the
complete range, not only a concrete value, i.e., we can not make any assumption on a
concrete value, because it is equally possible any value in the subspace, and there is no
control to get a concrete value. As well, symmetric approaches usually achieve a greater
deal of expressiveness to specify quality-of-service, since there is usually no restriction on
the number of involved parameters or type of operators, so that non-linear or more complex
expressions are allowed.
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(a) Conformant

(b) Non-Conformant

Figure 4.2: Conformance in symmetric models

4.1.7 QoS Attributes Model
For each domain, the attributes in that domain are important inputs to the overall QoS of
a service. Some attributes are common across domains and some are speci c to domains.
Each QoS attribute is measured with the help of a QoS metric. Each attribute/metric has
the following aspects (the rst ve are described in [MS02] while the rest are ours):
•

The value set for the metric (and its allowed value range). For instance, a metric such
as failure rate measuring availability can be expressed as a percentage. The speed of
service function execution could be instead a simple bounded integer.

•

The domains that this attribute belongs to. For instance, is it a cross-domain attribute
or an attribute speci c for a domain? And within each domain, some attributes will
be of greater importance than others-this can depend on some standard de nition of
attributes for a domain.

•

The weight of the metric relative to its domain and user preferences. This weight would
determine the impact of this attribute on the nal decision regarding a provider. This
weight can also help in calculating the rank of a QoS o ering.

•

The characteristic of the function from metric values to overall QoS values. For instance, some metrics such as the one measuring availability are monotonic, at least in
typical business scenarios. That is, the more the metric of availability increases the
better. Generally all agents will consider availability's metric in the QoS value calculation and have a preference for higher values. Of course, if availability were to increase
in conjunction with reductions in the values for other positively-monotonic metrics of
attributes, the overall QoS might not improve. For instance, for a trip service, if the
price of trips were to decrease while the promptness (on arrival and departure times)
metric were to become worse, then this decrease in price might not help the overall
QoS of the trip service. The characteristics of metrics can be quite rich and need to
be further categorized.
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•

The temporal characteristic of the metric value. Metrics may have decaying values
where the decay function can vary from exponential to a step function. For instance,
a metric measuring an attribute such as accuracy in the travel domain might be acceptable to allow a range of minutes up to a certain point. That is, the trip that is
scheduled for 3:00 PM does not cause major harm if the actual departure time is 3:20
PM. However, a departure of 4:00 PM might become unacceptable for a user that
depends on an on time arrival with a gap of 30 minutes in order to catch a connecting
ight. Other metrics might have values that decay more progressively rather than in
a step-wise fashion.

•

QoS attributes must have unique names in their domain. This must also be true for
cross-domain attributes.

•

QoS attributes could be grouped into QoS Groups. QoS Groups can contain other
QoS attributes and QoS Groups. For example, QoS attributes response time, latency,
throughput, execution and transaction time can belong to the performance QoS Group.
As another example, the performance QoS Group could be contained in the more
general QoS Group of Runtime Related QoS.

•

There must be a description (mathematical or otherwise formal) of how a QoS metric's
value of a complex WS can be derived from the corresponding QoS metrics' values of
the individual WSs that constitute the complex one. For example, the execution time
metric TC of a complex WS C , which is de ned as a sequence of two WSs A and B , can
be computed as the sum TA + TB of the execution time metrics of the two individual
WSs. This description is essential for the automated estimation of the values of QoS
metrics for a complex WS that is composed of other WSs and individual operations.
So this description is needed for automating the QoS analysis process, a prerequisite
for a successful QoS-based WS discovery. In addition, it helps automating the WS
composition process and delaying individual WS selection as late as possible (i.e., at
runtime).

In the QoS bibliography, QoS attributes are also referred to as QoS metrics. The above
aspects of QoS metric description are not enough. Additional semantics must be established.
In [TEPP02], it is described that there is a need for several ontologies that would be used in
the formal representation of QoS and other constraints. These ontologies include: ontology
of QoS metrics, ontology of measurement units, ontology of currency units, ontology of
measured properties and ontology of measurement methods. The last ontology is for WS
management purposes and will not be further discussed. In the QoS metric ontology, a metric
has a name and a short human-readable textual description. In addition, the measured
property (e.g. time, quantity of information, information transmission rate, etc.) that the
metric quanti es is referenced. Moreover, metrics can be composite or simple (resource).
Examples of composite metrics are: maximum response time of a service, average availability
of a service, or minimum throughput of a service. Examples of resource metrics are: system
uptime, service outage period, or number of service invocations. Composite metrics can be
computed by other QoS metrics with the help of a formula. In one ontological de nition
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of a QoS metric, several such formulae can be speci ed. Each formula can contain mean,
median, sum, minimum, maximum, and various other arithmetic operators, or time series
constructors. It should also be accompanied by appropriate unit conversion rules. [KL03]
backs that each formula must reference a Schedule or a Trigger. A schedule de nes the
time intervals during which the formulas are executed to compute the metrics, while a
trigger de nes a point in time to which the execution of monitoring activity can be tied.
In [KL03], Measurement Directives specify how individual (resource) metrics are calculated
from the source but this feature is more like a management statement so it can be omitted.
Measurement Directives are surely related to the omitted \measurement methods" ontology.
According to [TEPP02], the ontological de nition of a QoS metric can also specify invariant relationships with other QoS metrics, particularly those that measure the same property.
For example, \average response time" should always be less than or equal to \maximum response time". While such information is probably redundant, it is very important for quick
and easy discovery of con icts. In general, when several QoS metrics are speci ed in the
same service o ering, checking various dependencies and relationships given in the ontology
helps to avoid various con icts.
The ontology of QoS metrics should be accompanied by an appropriate ontology of measurement units. Such an ontology should de ne three types of units: base units like \second"
and \byte", multiples of base units like \millisecond" and \megabyte", and derived units like
\transactionsPerSecond" and \bytesPerSecond". Synonyms, including abbreviations, should be speci ed for all three types. Ontological de nitions of all measurement units should
contain information about what kind of property is measured. When a measurement unit is
used for a particular QoS metric, one can check whether the de nition of the measurement
unit and the de nition of the QoS metric refer to the same measured property. The three
types of measurement units di er in what additional information should be speci ed in their
ontological de nition.
Special types of measurement units are monetary units representing currencies, and units
derived from them. Examples are \CanadianDollars" and \CanadianDollarsPerHour". Usually countries give a special name to 1/100 (or sometimes 1/1000) part of their currency
(e.g., \CanadianCents") and this information should also be represented in the ontology.
Also, some multilingual countries have several synonyms (from di erent languages) for their
currency. A very important special characteristic of monetary units is dynamism of relationships between various currencies. Instead of specifying xed formula for conversion between
di erent currencies, an ontology could reference one (or maybe more) currency conversion
Web Services that can be consulted for up-to-date conversions. Due to this feature, the
ontology of monetary units might be separated from the ontology of other measurement
units.
[TEPP02] does not describe what are the properties and concepts of an ontology of
measured properties. This kind of ontology must be established because not only it is a
connecting point of the other metric ontologies but also because the meaning of the measured
properties must be provided to the entities participating in the WS discovery process. So
further research must be done in order to reveal what are the basic concepts and properties
of an ontology of measured properties.
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According to [TEPP02], an important issue that must be raised is the development of
independent, third-party Web Services for ontological translations between di erent QoS
metrics, measurement units, and currencies. For general usability, these conversion Web
Services should be able to communicate using WSDL, not only DAML-S. For example, a
Web Service can provide QoS guarantees using \average throughput [invocations/s]" for
a particular \number of invocations [invocations]", while one of its consumers can reason
about QoS using \average response time [ms]". To understand each other, they have to
perform an ontological translation. However, in some cases Web Services will not be able
perform ontological translations themselves. For example, they might not understand the
language (e.g., OWL) used to represent di erent ontologies. In such cases, the Web Service
or its consumer should consult a specialized external ontology translation Web Service for
help during the process of service o ering negotiation.

Possible Implications { Obligations
From the above discussion of the metrics model and other additional models attached to it,
two new requirements come up in relation to the basic interacting entities of the discovery
architecture. First of all, while the evolution of the metric ontologies will reach a nal point,
their metadata will not be exactly the same for providers and clients involved in the same
domains. This is quite rational as humans may have di erent perceptions or terminologies
of the same concepts. Especially, metrics like \availability" can have di erent names or
di erent de nitions. So it is important for a WS Client not content with the metrics exposed
by the service provider to de ne new metrics or change some of them and to negotiate with
the WS Provider in order to get his new (compatible) o ers. The WS Client must have
in mind that the above act of guarantee and more satisfaction can cost him more money
as more constraints lead to more costs for the service provider. On the other hand, the
WS Provider must be able to understand the changes made by the client and as well as to
modify his QoS o ers. However, he must be careful. Exposure of new metrics can reveal
important information of his system. In addition, adoption of new metrics can increase the
management e orts of his system and this can even have a serious impact on the QoS o ered
to his customers.
The other new and important requirement is the standardization of these metrics metadata. WS Providers and Consumers must sit on the same table along with domain ontology
modellers and de ne what are the most important metrics for a domain. As we saw previously, some already generic metrics exist for Web Services, although the way they can
be measured di ers depending on their de nition or the way someone conceptualizes them.
Even if someone is not pleased with the metrics de ned in his domain, he can de ne new
metrics not by creating them from scratch but by altering or extending the de nition of
existing ones already provided.
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4.1.8 Great expressiveness and correct constraint de nition
A QoS o er or demand (i.e. speci cation) must be comprised of QoS constraints. Each QoS
constraint consists of a name, an operator, and a value [FK98]. The name is typically the
name of a QoS metric, although it can also be the name of a metric aspect. We will see in
a while what an aspect is. The permissible operators and values depend on the QoS metric
type. A metric type speci es a domain of values. These values can be used in constraints
for that dimension. The domain may be ordered. For example, a numeric domain comes
with a built-in ordering (\<") that corresponds to the usual ordering on numbers. Set and
enumeration domains do not come with a built-in ordering; for those types of domains we
have to describe a user-ordering of the domain elements. The domain ordering determines
which operators can be used in constraints for that domain. For example, we can not use
inequality operators (\<", \>", \≥", \≤") in conjunction with an unordered domain.
Aspects are complex statistical characterizations of QoS constraints like: percentile,
mean, variance, and frequency. They are used for characterization of measured values over
some time period. For example, the percentile aspect could be used to de ne an upper or
lower value for a percentage of the measurements or occurrences that have been observed.
Aspects can be proved to be very useful in cases where we want to guarantee that the
measurements or occurrences of a QoS metric present some special characteristics and we
do not want to produce a new complex metric from the basic QoS metric for each of these
characteristics. However, they must be used carefully especially in cases where many aspects
are created for one metric.
QoS constraints are usually connected by the \and" logical operator, although they can
also be connected by other logical operators, into expressions. A QoS o er or demand should
contain one complete expression or just one constraint.
QoS constraints should be joined into Constraint Groups (CG) or Constraint Group
Templates (parameterized CGs) in order to be reused by many QoS speci cations [TMPE03].
Other reusability constructs can also be created even for expressions.

Possible Implications { Obligations
The consistency of every QoS demand or o er needs to be checked either before or after its
submission to the WS registry. This means that the there must be at least one value assignment for every QoS metric such that the whole expression, the o er or demand contains, is
satis able [CMDTT05]. In addition, the references to external ontological concepts need to
be checked for validity and consistency, i.e. if they exist in the reference ontology, if they
have the right attributes and the right values for these attributes. Finally, syntactical errors
need to be checked. Thus all the components/entities of the WS Discovery Architecture
need to check the QoS speci cation they submit or receive for any kind of inconsistencies
that may occur in this speci cation. After all, common human mistakes (logical or syntactical) always happen and the (interoperability) problems due to ontological evolution have
not been successfully solved yet.
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4.1.9 Allow Classes of Service Speci cations
Class of Service means the discrete variation of the complete service and QoS provided
by one WS [TPP03]. Classes of service make sense to be discussed at the level of Web
Services and not at the level of constraints or guarantees (e.g. response time) that are
part of the overall service and QoS. Classes of service can di er in usage privileges, service
priorities, response times guaranteed to consumers, verbosity of response information, etc.
The concept of classes of service also supports di erent capabilities, rights, and needs of
potential consumers of the Web Service, including power and type of devices they execute
on. Further, di erent classes of service may imply di erent utilization of the underlying
hardware and software resources and, consequently, have di erent prices. Additionally,
di erent classes of service can be used for di erent payment models, like pay-per-use or
subscription-based.
The issues of QoS and balancing of limited underlying resources are particularly motivating for having multiple classes of service for Web Services. If the underlying resources
were unlimited, all consumers would always get the highest possible QoS. Unfortunately,
this is not the case, so it is suitable to provide di erent QoS to di erent classes of consumer.
Providers of Web Services want to achieve maximal monetary gain with optimal utilization
of resources. Providing di erent classes of service and their balancing helps in achieving this
goal because of the exibility to accommodate several classes of consumer. On the other
hand, consumers of such Web Services can better select service and QoS they need and are
willing to pay for, while minimizing their price/performance ratio.
Providing classes of service is not the only possible way to customize constraints and
management statements that a WS o ers to its consumers. There are various alternatives,
including custom-made Service Level Agreements (SLAs), user pro les, parameterization,
and separate ports. However, the practice of telecommunication service provisioning shows
that classes of service have relatively low overhead and complexity of management.
From the above analysis, it is claimed that a WS must provide multiple classes of service
(i.e. constraints and management statements). So it is important to have a description of
class of service of a WS included in the overall WS description model. However, while the
above discussion is interesting, we limit ourselves to QoS constraints only and we do not take
into consideration other non-functional constraints and management statements. Moreover,
we consider that these other non-functional constraints and management statements are not
very important to users as QoS is, so they do not play an important role in the discovery
process. Therefore, we sustain that it is of great interest to service providers that they
provide multiple QoS o erings. In this way, they service a wider range of consumers and
they broaden their market segment. In addition, WS consumers can have a wider solution
space and (with the help of ecient QoS-based discovery mechanisms) they can nd the
best solution (combination of the functional capability of WS and its QoS o ering) that
minimizes their price/performance ratio. Thus, the QoS speci cation must support multiple
QoS o erings of the same WS of a service provider, an idea also adopted by other research
e orts [TGN+ 03, ZCL04].

65

4.2. REQUIREMENTS FOR QOS-BASED WEB SERVICE MATCHMAKING

4.1.10 Other Useful Information
A WS QoS o ering must provide references to protocols needed for service management
and QoS monitoring as well as entries of third parties that one side would be willing to
trust. This information is important as it will be used in the contract negotiation phase,
after the WS client has selected the particular service and its o ering. Moreover, a QoS
o ering must be related to the price element in order to relate the speci ed QoS level
to the cost of service usage per invocation. Finally, a QoS o ering must have an expires
attribute denoting the point in time until which the o er will be valid [TGN+ 03]. Of
course, other non-functional properties and management statements can be added to a QoS
o ering/speci cation, upgrading the QoS o er to a service class but this is out of the scope
of this report.

4.2 Requirements for QoS-based Web Service Matchmaking
The QoS-based WS matchmaking process starts when the functional WS matchmaking process ends. To put it in another way, the WS matchmaking process is a composed process
consisting of two sequential processes: functional and QoS-based. The functional process lters WS advertisements based on the functional restrictions of the requester. The QoS-based
process further lters the results of the functional process based on the QoS restrictions of
the requester. So the rst requirement is that the output of the functional WS matchmaking
process should be the input of the QoS-based WS matchmaking process.
One important thing that must be discussed is what happens if both the goal/capability
and the QoS lters are applied and if their order matters. First of all, we believe that the
order does not play a signi cant role here as these lters are independent of each other. The
order we described above is just preferable as it is better if we know rst which advertisements
satisfy the request functionally and then to see if one of the QoS o ers of each quali ed
advertisement suits the needs of the QoS demand of the request. In addition, this order is
mathematically appropriate as Web Services will provide many QoS o ers so the probability
that one o er suits the needs of the requester is increased. Moreover, there is no guarantee
that the service provider is frank about his QoS o ers. Therefore, an application of the QoS
lter before the goal lter will not prune as many results as those that will be pruned by
the application of the goal lter.
After the application of both lters, we may come into a situation where an advertisement
that had a failed match regarding its capabilities to have one of the best QoS o ers. We
believe that there must be some groundwork between and after the application of these lters
in order to remove advertisements or o ers of advertisements that do not suit the needs of
the requester. That's why the participation of the requester is needed either by providing
the appropriate input to the matchmaking engine or by interacting with the matchmaking
engine. Therefore, the requester must determine which categories of the results of each
lter are preferable or satisfying. In addition to the before-mentioned groundwork, the
presentation and total characterization (in respect with the degree of match) of the returned
results is an inevitable choice for the matchmaking engine because the requester must know
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what are the best results and for each result in what category of match of each lter it was
put. Notice that after matchmaking (that used both lters) we may come into a situation
where there is one result in the best combined category. This will mean that further ranking
is not needed and the selection step of the discovery process will be omitted. In practice,
the selection step should not be omitted as the best discovered service could have been
recovering from a failure, could not be available, or could not exist (the provider or registry
did not erase its description).
QoS o ers and demands that are matched during the QoS-based WS matchmaking
process should be speci ed by the same language. The requirements for this language were
expressed in section 4.1. In addition, both advertisers and requesters should be encouraged
to be honest with their descriptions. Otherwise, they will pay the price of either not being
matched or being matched inappropriately. The matching should not be based on keyword
search only. Instead, semantic and structural information about each attribute in the service
request and advertisement must be taken into consideration.
More speci cally, semantic matching of di erent QoS metric descriptions must be provided. The basic part of QoS-based WS description is the one where WS providers advertise
their capabilities and WS requesters provide their requirements as a set of constraints on
speci c QoS metrics. So in order for the discovery process to be accurate, these sets of
QoS metrics must be as similar as they can get. For this reason, semantic QoS metric
matching algorithms must be developed and used before the QoS-based WS matchmaking
is performed in order to produce QoS-based WS speci cations containing (almost) the same
set of QoS metrics. Moreover, knowledge about how QoS metrics are derived must also be
taken into account as it can help the metric matching process by enriching the processed
WS speci cations. The main result will be QoS-based WS speci cations aligned with each
other. Then, these aligned speci cations will be used in the matchmaking and selection
algorithms increasing their precision and recall.
Most of the requirements that were analyzed in chapter 2 and more speci cally in section 2.2.4 for QoS registries and WS matchmaking also stand for QoS-based WS matchmaking. For this reason, in the sequel only the requirements that are speci c to the QoS-based
WS matchmaking process will be analyzed.
In a perfect world, the QoS-based matchmaking system would return to the requester
those QoS o ers that perfectly match his request. In practice, this fact is highly unlikely to
happen. One of the challenges of matchmaking is to locate those services that the requester
would choose/select despite their di erences from the request. Furthermore, the matchmaker
should be able to characterize the distance between the request and the matches found, so
that the requester can make an informed decision about which service to invoke. So QoS
o ers should be grouped according to their rank (distance from request). Suppose that
there is a measure or function that tells us if one solution (comprised by a speci c value
for every user metric) is better than another one (see next subsection). To the best of our
knowledge, at least the following categories of results should be provided by the QoS-based
matchmaking system with decreasing order of signi cance:
•

Super matches : This category contains those QoS o ers that have at least one better
solution and all other equivalent to those solutions of the QoS request.
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•

Exact matches : This category contains those QoS o ers that have a subset of the
solutions expressed by the QoS request.

•

Partial matches : This category contains those QoS o ers that have at least one worse
solution than those of the QoS request.

•

Fail matches : This category contains those QoS o ers that have only worse solutions
with respect to the solution of the QoS request.

Of course, a MME could provide more ne-grained categories than the proposed ones.
However, their ranking must be based on the following properties:
•

QoS o ers expressing the same set of solutions for the same QoS metrics should be
given the same rank.

•

If a QoS o er O1 has at least one better and no worse solution than the solutions
expressed by the QoS o er O2 , then O1 should have a better rank than O2 .

Suppose that after the matchmaking process has been executed, there are only partial
and fail matches. This is an indication of an over-constrained QoS request. Fail matches
are of no use and should be discarded. However, partial matches are promising. The reason
is that if one (not very important) QoS constraint of the QoS request is relaxed or deleted,
then it is possible that some partial QoS o ers are promoted to higher categories. This
process is called constraint relaxation and must be incorporated in the QoS-based MME
when the aforementioned case occurs in order to provide more value-added results to the
WS requester. More details about constraint relaxation can be found in [BMR97].

4.2.1 Possible Implications { Obligations
It is clear from the discussion above that the WS requester must be actively involved in the
matchmaking process as he only knows what he exactly needs (what lters to call and in
what order, how many results to be returned, how query relaxation will be carried out, etc.).
However, if a WS registry provides alternative complete (i.e. customizable) ways of invoking
the matchmaking operation, then the WS requester would select the most appropriate one
for him and invoke it while he would not further participate in the matchmaking process.
So a clear goal is to automate as possible as it can get the matchmaking process. To this
end, there must be a way of collecting user preferences or user context in general while
respecting user's privacy and his personal info. Users are not always accurate with their
descriptions or it is not completely understood what they really want. As a result, the
outcome of the matchmaking process is not satisfactory (too many usually irrelevant results
or too few unsatisfactory results) and the user is called to re ne his query. However, if user's
context was available during matchmaking then user query could be re ned automatically
by the system and more importantly the results would get more satisfactory. For example,
if user's location was available then the matchmaker would return services that were more
\near" to the user. As another example, if the user had a preference of using only secure
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transactional services, then the matchmaker would return services that implement secure
and transactional protocols. As a last example, if the user's dealings were involving only
highly reputable services, then the matchmaker would return services that had a value of
the 'reputation' QoS attribute above a speci c threshold. Thus, by collecting and describing
(user and service) context, user's query can be expanded and be more re ned in both the
functional and QoS-based parts. As a result, a more automated context-aware and QoSbased matchmaking process will take place that will provide better matches to the WS
requester.

Another issue that must be raised, which is related to the above, is \who is responsible
for the application of the QoS lter". Is it the user, the registry or probably an agent?
From the discussion of this section, it is clear that we assign the whole responsibility to the
matchmaking engine, which usually resides at the registry. This is because the WS requester
(user) does not want to get all the available Web Services from a WS registry and do all
the ltering by himself. But when we add the QoS lter to the matchmaker, things change.
The matchmaking process becomes more personalized and there are situations where negotiation must be established between the WS provider and requester, especially in cases
where the requester adds another metric and wants from the provider to add a constraint
about this new metric to his o er(s) or when the ontological representation of the metrics of
the provider and requester are di erent. We do not want registries to be further burdened
with mediations and ontological translations and mappings. The solution to this problem is
the advent of user-customized agents who will either carry the whole matchmaking engine
or perform only the QoS ltering sub-process. These agents will mediate, negotiate and in
general perform complex reasoning tasks. Even when they cannot understand one ontological representation, they will know which Web Service(s) to invoke in order to translate the
\unknown" ontological representation to a \known" one. In this way, WS registries will
not be further burdened with QoS matchmaking or even with matchmaking and users can
perform other tasks while waiting from their agent to come with the results of their WS
enquiry. In addition, these agents will be equipped with user preferences (context). Therefore, they will apply more sophisticated queries to WS registries and they will perform a
more personalized QoS ltering of the results from the previous sophisticated queries. Last
but not least, do not forget that if user context is collected only by user agents, then it
does not end up in the hands of the WS registry so the privacy problems are solved (maybe
partially if goal ltering is performed at the registries and the registries 'pump' user context
information from WS enquiries of the agents). Thus, our opinion is that user agents should
be involved in the matchmaking process taking control of at least the sub-process of QoS
ltering. Of course, if a WS provider and requester use the same metric ontology (maybe
pertaining to the same domain) and if the requester does not want to launch an agent, then
the QoS ltering sub-process can be performed by the contacted WS registry.
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4.3 Requirements for QoS-based Web Service Selection
In the selection process, the results (especially the best ones) obtained from the discovery
process are further ranked in order to get the best result. The criteria for ranking are usually
non-functional but in the context of this paper we will stick only to the QoS-based ones. The
selection process is completely personalized (preference-oriented) as the ranking is based on
user preferences regarding the QoS criteria that are more important to him (along with the
degree of importance) and di erent users may have di erent preferences. User preferences
can be given separately to the selection algorithm or they can be obtained from the metric
ontology. Alternatively, they can be collected and derived from user context (remember
our previous discussion). User preferences should include: weights given to metrics (either
generally or with respect to their domain or group), preferred domains or QoS groups (along
with their weight if the importance of domains or groups di ers), information about if the
increase of a metric bene ts the requester, maximum normalized values of metrics, etc.
Apart from user preferences, other information about the QoS criteria/metrics must be
available like the type and range set of a metric, the groups or domains the metric belongs
to, what is the ordering of the range set of the metric, etc. This other type of information is
collected/derived by the description of QoS metrics in (user or provider-de ned or commonly
agreed) metric ontologies.
When the selection algorithm collects all the appropriate input, it starts processing
available QoS o ers in order to give to each of them a suitable rank/degreeP
according to user
preferences. The degree is usually computed from the following formula: ∀metric weight ∗
degreeOfP romisedV al, where the degree of promised value is determined by the metric's
utility function [CMDTT05]. For example, if the metric is positively monotonic, then it can
al−min [ZBD+ 03],
be computed by the next formula: degreeOfP romisedV al = promisedV
max−min
where promisedV al is the promised value of the metric, min and max are the minimum
and maximum value of the metric with respect to all the available QoS o ers. If the o er
promises a range of values for a metric, then the promisedV al can be the worse or the
best or the average or a combination of worse and best values [KP06]. Other sophisticated
selection algorithms are based on normalizations and grouping of QoS metrics (in domains or
functional groups), as the ones described in [LNZ04]. The purposes of normalization are: 1)
to allow for a uniform measurement of service qualities independent of units, 2) to provide
a uniform index to represent service qualities for each provider, and 3) to allow setting a
threshold regarding the qualities. The number of normalizations performed depends on how
the quality criteria are grouped (i.e. the nesting degree of the groups).
In case where there is a nesting of QoS groups, the WS selection algorithm calculates
the above formula for every group (at the same level of the metric tree) taking into account
the weight of each metric/group in its group, and do this recursively starting at the bottom
of the metric ontology and ending at its root (consider that there is an imaginative root
group, where groups and metrics make up a metric tree, and that the weights of all groups
and metrics belonging in the same group have a sum of 1). It is important to note that
according to the metric ontology, a metric tree (consisting of metrics and groups - all having
weights) can be constructed. However, the user can give a di erent tree consisting of the
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metrics and groups he prefers and he can give di erent weights from the defaults given by
the metric ontology modelers. We could say that this metric tree can be described in a
di erent ontological model than the metric model or can be given with the help of XML
graphs (i.e. it is described in XML format).

4.3.1 Possible Implications { Obligations
Two issues must be discussed. The rst one is who will be responsible for the ranking/selection process? To our opinion, the WS Selection process is a completely personalized
process so it must be performed by the user or the user's \dedicated" agent, as the user or
agent has all the available input to this process. Of course, in special cases (user provides
all the appropriate input, metrics ontology and its representation are common between the
registry, the provider and the requester), ranking can be performed by WS registries. So
WS registries must be equipped with a WS ranking/selection process/operation.
The other issue is that the ranking process must be equipped with browsing/graph tools
that will help the user in order to build the metric tree. In fact, with the help of these tools
the user could provide in a complete and accurate mathematical way how the ranking of
the matchmaking results will take place. In addition, QoS analysis tools must be available
to the user in order for him to comprehend which are the most important QoS metrics for
his system, what is their signi cance, and what values or thresholds these metrics should
take. Moreover, the outcome of this analysis could be used by QoS demand speci cation
tools. In other words, from QoS analysis until QoS demand speci cation (and possibly WS
selection), WS requesters must be assisted by software packages, which will automate the
above processes and will require minimum human intervention. In the same manner, WS
providers must be assisted in QoS analysis and simulation and in QoS o er speci cation by
appropriate software packages.

4.4 Conclusions
The goal of this chapter was to analyze the set of requirements we have identi ed and came
up with after reviewing related work in QoS-based WS description and discovery. So this
chapter was actually separated into two main parts: a) the rst one analyzing both a set of
requirements for a semantic, rich and extensible QoS model that encompasses a QoS metric
model with the same features as the parent model and also other important features and
capabilities of the QoS description language implementing the QoS model; b) the second one
analyzing a set of requirements for a QoS-based WS matchmaking (including requirements
of good performance, ne accuracy and great granularity/usufulness of the results) and
selection (including requirements of user inequality constraints, normalization, best and
worse performance consideration) algorithm. This set of requirements will be used in the
following two chapters { 5 and 6 { in order to compare the related work against these
requirements and to design and implement our contributions according to them.
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Related Work
Based on the requirements set on the previous section 4, in this chapter we provide a literature review of the current state-of-the-art research approaches in QoS-based WS description
and discovery. Each approach will be analyzed in detail, bringing into light its main strengths
and de ciencies (regarding our requirements). This chapter's purpose is to prove that there
is a signi cant research gap in QoS-based Web description and discovery, paving the way to
the next chapter that discusses how this thesis contributions close this gap.
This chapter is organized into six main sections. Each section except from the last
one groups all the analyzed research approaches according to the amount of their functional
contributions, from those o ering the least functionality until those that are complete. However, approaches o ering the least functionality does not mean that are not better in this
functionality with respect to those that are functionally complete. More speci cally, section 5.1 analyzes the work performed in QoS-based Web Service description while section 5.2
analyzes approaches o ering a QoS-based WS selection algorithm. Section 5.3 discusses research approaches o ering both a QoS description model and a matchmaking algorithm for
WSs. Approaches o ering both a QoS description model and a WS selection algorithm are
analyzed in section 5.4. Then, section 5.5 analyzes research approaches that are complete,
i.e. o ering a complete framework for QoS-based Web Service description and discovery.
Finally, section 5.6 summarizes the whole spectrum of research approaches and compares
them against the requirements set in chapter 4.

5.1 Research Approaches for QoS-based Web Service Description
This subsection is going to analyze the related work in QoS-based WS Description, from
simple ontologies to standard and non-standard approaches.
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5.1.1 QoS Metrics/Measurement Ontologies
In the DAML Ontology Library1 there is a DAML representation of the Cyc Upper Ontology 2 . In this ontology, the UnitOfMeasure as well as a number of its abstract subclasses
are described. Among the subclasses are UnitOfMoney and UnitOfMonetaryFlowRate representing currency. Descriptions of concrete measurement units and currencies were not found.
Consequently, it is not clear whether this ontology contains clear and easy speci cation of
relationships of measurement units and how it solves dynamism of the relationships between
currencies. In addition, the Cyc Upper Ontology is not modularized. This ontology can be
the basis for future work on ontological representation of measurement units and currencies.
The SHOE (Simple HTML Ontology Extensions) measurement ontology 3 is much simpler than the CyC ontology. It contains some measurement units (metric system) in four
categories: length, time, volume, and weight. No relationships (except the one stating a
metric belongs to a category) and no derived measurement units are de ned.
The work described in [KF02] is an ontology of measurement in enterprises, not an
ontology of measurement of quality of Web Services. While this ontology can be used
by third-party quality measurement Web Services, it does not seem directly applicable for
speci cation of QoS constraints for Web Services.
[TEPP02] describe that for the speci cation of constraints for QoS metrics, ve ontologies must be developed from which the most important (the top one) is the metrics ontology.
They describe the structure and involved elements in four out of the ve ontologies. However, they just stayed on the requirements for the speci cation of the metrics ontologies.
They did not develop any ontology. In addition, the requirements speci ed are incomplete
according to the requirements we posed. For example, the \metric" class consists only of
ve attributes while other important attributes/properties are missing. As another example,
they imagine that metrics should be related to each other. However, they do not describe
all the types of relationships that can appear between QoS metrics.

5.1.2 Standard Approaches
The Web Service Description Language [CCMW01] is a WS standard dedicated to the
syntactic description of the signature of a WS operation. It does not describe the semantics
of the components of the signature. In addition, it does not describe QoS values of QoS
metrics for a WS operation.
The UDDI [BCC+ 04] WS standard is dedicated to the description and discovery of Web
Services. However, it is based on the tModel concept which leads to purely syntactic queries.
In addition, there is no QoS description of o ers or demands in the UDDI description model.
The OWL-S [ea03] ontology is a semantic approach for the description of Web Services.
It has many advantages in respect with the other WS description standards but it does
not describe QoS o ers or demands. It only contains an attribute used for rating a WS.
1 On line at: http://www.daml.org/ontologies
2 More information can be found at: http://www.opencyc.org/
3 Available at: http://www.cs.umd.edu/projects/plus/SHOE/onts/measure1.0.html
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However, as it is an ontological approach, it can be extended in order to describe QoS o ers
or demands.

5.1.3 Other Approaches
In [Ran03], an extension to UDDI is proposed. A new data structure type - called qualityInformation - is added to the UDDI model that represents description of QoS information
about a particular WS. This proposed data structure is under the businessService data
structure type, in addition to bindingTemplate data structure type, which provides binding information for a particular service. The qualityInformation data structure type also
refers to tModel s as references to QoS taxonomies which also need to be de ned in the extended UDDI registry. These taxonomies de ne the new terminologies or concepts about
the proposed QoS information, which do not exist in the existing UDDI registries.
The proposed approach has many disadvantages. First of all, there is no actual description about the contents of the qualityInformation data structure type and its referenced
tModel s. Secondly, it relies on the UDDI technology and UDDI's tModel, so it can be used
only for syntactic matchmaking of Web Services. Thirdly, metrics and other aspects of
QoS-based WS description are not de ned. Fourthly, constraints on QoS parameters are
not de ned. Last but not least, there is no clari cation of how the actual QoS matchmaking
(of o ers and demands) will take place.
The work described in [DSGF03] refers to calculation of values of those QoS attributes
of a WS that it is not realistic to be provided/measured by service providers or thirdparty software modules. These attributes are usually measured by the values users submit
from their experience of using the particular service. So the calculation of the value of the
described QoS attribute will be a function of what value it should had taken and what value
was eventually o ered. The overall QoS can be given by the (weighted) sum of every QoS
value of each attribute.
This work suggests a di erent mechanism based on user ratings and expectations for
the calculation of the value of a QoS attribute. Usually, the value of a QoS attribute is
calculated as a weighted sum of all user ratings for this attribute, where the weights denote
the trustfulness we have for these users. This paper proposes that we should take into
account (when calculating the value of a QoS attribute) only the ratings of users that have
the same expectation for the value of a QoS attribute as with the one of the requesting
user. This expectation does not only depend on the advertised value of a QoS attribute but
also on other (contextual) factors like previous user experience from the service, the service
usage cost, and recommendations from friends. So this expectation depends on the context
of the user. Thus, when matchmaking, we should take into account the context of users
which has an important role/impact in their ratings.
This work presents many disadvantages. First of all, QoS calculation is based on triples
stored in a registry. These triples have the form (expectedV alue, perceivedV alue, rating)
and are related to a QoS attribute. However, all parts of the triple take values from the [0, 1]
space of real numbers. In addition, we trust all users who submitted ratings. Moreover, user
expectation is only modeled by the expectedV alue of a user. So what is needed is better and
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richer representation of user expectations and better techniques for matching expectations.
Last but not least, this work does not explain what happens when the expectation for a QoS
attribute of the requesting user is totally di erent from the ones collected.
In [MS02], an architecture and model of Web Service reputation (QoS) is presented. It
is proposed that for successful description of QoS, three challenges must be dealt:
•

de nition of a QoS conceptual model for WS attributes which is reusable across domains such that weights, threshold to QoS attribute values, and user risk tolerance
can be de ned;

•

semantics to QoS service attributes must be added in order for new attributes to be
dynamically discovered and incorporated to the conceptual model of QoS attributes
and for successful and more accurate discovery of Web Services;

•

reputations should consider time and history of endorsements and ratings. Time must
be considered as ratings should be taken into account when they are up-to-date, considering that QoS of a service changes over time. History of previous service usage
is important as a service that is used many times must have high reputation. Endorsements of trusted agents/parties should also be weighted to compute reputation
especially for new services that are not rated/used yet.

Based on the above requirements/challenges, a conceptual model of WS reputation is proposed which is used for the calculation of a WS reputation and is in uenced on the following
factors:
•

relative weights given to QoS service attributes by the requesting user;

•

QoS attribute aggregation algorithm for each QoS attribute;

•

the set of endorsers of the service and the list of trusted endorsers of the user;

•

the history of the service;

•

damping for the rating such as older ratings matter less than newer ratings;

The suggested conceptual model enclosed a QoS attributes model. In this model, for each
attribute the following aspects are de ned:
•

its type and allowed values;

•

the domains it belongs along with a weight of this attribute in relation to the enclosing
domain and user preferences;

•

the characteristic function from attribute values to ratings;

•

the time characteristics of the values of this attribute;
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The main disadvantages of this work are the following. First of all, the reputation of a WS
is calculated and not it's QoS. As it was described in previous sections, reputation can be
considered one QoS attribute. Another disadvantage is that there is no explicit clari cation
of how the reputation of a WS is calculated. In addition, concepts like QoS constraints and
QoS o ers and demands are not modeled. Last but not least, QoS metrics conceptual model
does not contain the classes and properties described in [TEPP02].
Work described in [TPP03, TMPE03], which is called Web Service O erings Language
(WSOL), proposes that a WS must o er di erent classes of service in order to satisfy a
greater amount and type of customers and in order to deal successfully with situations
where there is a variation in QoS due to network problems or mobility reasons. The authors
of this work introduce the concept of \service o ering", which is a formal representation of
one class of service for a WS and contains formal de nitions of various constraints (functional constraints, QoS constraints, and access rights), management statements (management responsibility, subscription prices, pay-per-use prices, monetary penalties to be paid if
constraints are not met), as well as di erent reusability constructs (extension of service offerings, inclusion of constraint groups and parameterization of constraint group templates).
A QoS constraint contains speci cation of what QoS metrics are monitored, as well as when
and by what entity. However, de nition of QoS metrics is done in external, reusable and
extensible ontologies. QoS constraints usually describe QoS guarantees. Access rights specify conditions under which any consumer using the current service o ering has the right to
invoke a particular operation. In addition to all of these, speci cation of dynamic relationships between service o erings is enabled outside the speci cation of the service o erings.
One such relationship could be that: if some constraints of the current service o ering are
not satis ed, then substitute the o ering with another one.
This last feature is very important because in the usual case, when a service o ering of
a WS does not satisfy us, we try to nd another suitable WS. This could cause substantial
delay of desired execution/task. One the other hand, switching between di erent service
o erings of the same WS seems more appropriate and faster and empowers the trust relationship between provider and consumer in contrast to re-negotiation of SLAs, switching
between Web Services or re-composition of Web Services. However, it should be noted that
appropriate alternative service o erings cannot always be found. Therefore, manipulation
of service o erings is a complement to re-composition of Web Services or re-negotiation of
SLAs or a lightweight replacement of re-negotiation of SLAs.
This work comes with two stated shortcomings/open issues. The rst one is separation
and integration of constraint dimensions, without con icts and with straightforward implementation of constraint-checking code, which currently is not supported. The second one
is the improvement of the speci cation of relationships between service o erings to support
both easier and more exible speci cation and dynamic adaptation. In addition to these
shortcomings, there are some other problems. First of all, there is no speci cation of the QoS
demand of the consumer. Secondly, the matchmaking process is not de ned. Additionally,
the metrics ontologies are not yet developed. Finally, we were not able to nd the WSOL's
complete speci cation so we cannot come into safe conclusions about its stated supported
features.
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The research approaches of Web Service Level Agreement (WSLA) [KL03] and Web Service Management Language (WSML) [JMS02] are similar. They try not only to provide
a speci cation of SLAs but also to develop a complete framework for the management of
SLAs. SLAs are agreements between service providers and consumers that provide guarantees for a particular service and de ne the common perceptions and expectations for that
service. Comparing these e orts on the speci cation of SLAs, WSLA provides a better and
more accurate language, providing more features and constructs, and satis es a lot of the
requirements we have set for QoS-based WS description. However, we should note that
a SLA is di erent from a QoS o er or demand. It is an electronic document that is the
outcome of the negotiation between a service provider and a service consumer (which negotiation is after the step of WS selection) and belongs to both of them. So it contains
more management and responsibility statements, it is more technical and refers to implementation details that are not relevant to the context of WS discovery. For example, it
states when and who is going to compute a resource metric accessing which resource, when
QoS constraints should be evaluated, and what will be done in case one of the contracting
parties fails to meet its obligations. All this information is not needed for matchmaking,
but it could be incorporated in a QoS speci cation in a limited form and used as a starting
point for the more involved task of WS negotiation. Last but not least, due to the existence
of more management and monitoring constraints, the framework supporting SLAs is more
heavy-weight than the framework for QoS-based discovery.
The research e ort described in [TGN+ 03] analyzes what must be enclosed into the QoS
information for a WS request or advertisement with the help of a QoS ontology. Important
elements of this ontology are QoSInfo and QoSDe nition. QoSInfo describes standard or
user-de ned serverQoSMetrics and transportQoSPriorities and the values they will take. It
also references protocols used by a WS for security and transaction support. The QoSDe nition element describes QoS information (QoSInfo ) either for the whole service or for every
operation of the service. Additionally, it includes information about protocols supporting
service management and QoS monitoring and about the trusted third-parties that will participate in these protocols. It ends with the price for the usage of this service supporting the
QoS o er. One WS advertisement is related to many service o ers (QoSDe nition ) while
one service request enquires one particular service o er.
One important feature of this research e ort is that it supports the mapping of QoS
requirements from higher layers onto the underlying network in terms of the Internet model.
This mapping is achieved by the help of proxies (residing at the provider and consumer) and
by the existence of a QoS-aware network. QoS network parameters are given as guidelines
to QoS-aware routers while the client proxy calculates the network performance by taking
into account the server performance information provided by the server proxy.
This research work comes with three main de ciencies. First of all, there is not a complete
and accurate description of QoS constraints as QoS constraints are just equality constraints.
Secondly, metrics ontologies are not developed but are just referenced. Finally, there is no
speci cation of how WS matchmaking or selection will take place.
QoSOnt [DLS05] is another carefully designed ontology for semantic QoS-based WS
description. Its main features are: a) Measurable QoS attributes can be measured by many
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QoS metrics; b) A QoS metric is applied either to the whole WS or just one operation; c)
Proposal of converting units based on SWRL rules; d) Direct connection to OWL-S. This is
a very good approach but not a complete one as it does not capture most of the requirements
set in section 4. In addition, it is not accompanied by a formal WS discovery framework.
The work in [TRPA06] proposes an upper-level ontology that uses the main features
of the ontologies produced by the works of [MS04, DLS05]. In addition, a QoS ontology
vocabulary (actually a mid-level ontology) has been designed for domain-independent QoS
properties. This is a rich ontology that is also connected to OWL-S. However, it lacks
information on how QoS constraints are speci ed and it is not publicly available. In addition,
it is not supported by a WS discovery framework.

5.2 Research Approaches for QoS-based Web Service Selection
Zeng et. al. [ZBD+ 03] propose a QoS-based WS selection algorithm that is the backbone
of most QoS-based WS selection approaches. This algorithm considers the case that each
WS Si advertises one value Qij for each QoS attribute Qj . It consists of two sequential
phases: scaling and weighting. The scaling phase normalizes the value Qij of each WS and
produces a new value Vij in [0; 1] according to two cases based on the monotonicity of the
QoS attribute Qj :
 max
 Qj −Qij

max − Qmin 6= 0
min ; if Qj
j
Qmax
j −Qj
1; if Qmax − Qmin = 0
j
j

min
 Qij −Qj
max − Qmin 6= 0
min ; if Qj
j
j −Qj
Vij = Qmax
1; if Qmax − Qmin = 0
j
j

Vij =

(5.1)
(5.2)

where Qmax
= max{Qij } and Qmin
= min{Qij } for each i. The rst case (Eq. 5.1) is
j
j
for negatively monotonic QoS attributes (e.g price ) while the second case (Eq. 5.2) is for
positively monotonic QoS attributes (e.g availabity ). Finally, at the weighting phase the
score sci for each WS Si is produced according to WS requester's weight wj given to each
QoS attribute Qj by the following formula:
sci =

X
j =1

wj × Vij

The algorithm of Zeng et. al. is quite simple not taking into account user constraints (the
value that the WS requester expects for each QoS attribute { values near this value are
better than values more distant) and other user preferences or general criteria (user's QoS
tree, QoS groups, etc.). In addition, this algorithm only considers the case where each WS
provider advertises one value for each QoS attribute for his WS and not a range of values.
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The research work described in [LNZ04] refers to the need for an extensible QoS model
that not only contains general but also domain-speci c QoS criteria. It sustains that QoS
must be represented to users according to user preferences and users should express accurately their preferences with this QoS model without resorting to complex coding of userpro les. It also suggests that QoS computation must be fair and open for providers and
requesters. Then it proposes an extensible QoS model. However, this model is just a description of some general QoS criteria and other criteria that can be grouped and not a
formal ontological description of QoS constraints regarding some metrics that also de ned
by suitable ontologies. Finally, based on this model and the above requirements, it develops
a QoS computation algorithm. This algorithm takes as input QoS descriptions of available
Web Services (metric=value descriptions) and user preferences (metrics that bene t the
user, maximum normalized values for metrics, in what groups metrics should be contained,
etc.). This algorithm performs two sequential normalizations in order to derive a unique
value for the QoS description of each service: a) the rst one normalizes the value of each
QoS attribute of a WS; b) while the second one produces normalized values for each QoS
group for each WS according to the normalized values of the QoS attributes of these WSs.
The unique value of each WS description is produced by the weighted sum of the multiplication of the weight of every QoS group with its normalized value calculated according to this
WS. This selection algorithm presents the same disadvantages as the algorithm of Zeng et.
al. [ZBD+ 03] although it goes one step further by calculating the score of each WS based on
one level nesting of QoS groups (that is QoS attributes belong to their parent QoS groups
and there is no further nesting i.e QoS groups belonging into other QoS groups).

5.3 Research Approaches for QoS-based Web Service Description and Matchmaking
QoS Modelling Language (QML) [FK98] is another research e ort for the speci cation of
QoS. It was designed according to some basic principles for the support of QoS speci cation.
It contains the following constructs:
•

contract type: De nition of a QoS dimension that includes de nitions for the metrics
of this QoS dimension.

•

contract: Gives particular values/constraints to the elds of a contract type. This is
where the idea of contract inheritance is implemented.

•

pro le: One service is associated with many (QoS) pro les. Each pro le consists of

one list of contracts/requirements. Each contract may describe constraints for a QoS
dimension either for the whole service or just for one service operation. But for every
QoS dimension, at most one constraint will be valid for one operation of the functional
interface of the service.
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One (QoS) Service Pro le P is matched with one client pro le Q if all contracts of P conform
to all the contract of Q. Contract conformance is translated into constraint conformance.
Constraint conformance is separated into two cases depending on the QoS metric:
•

for set domains, we rst have to de ne if superset stronger than subset or the opposite;

•

for numeric domains, we have to know if the metric is increasing or decreasing. If
increasing, then d > 10 is stronger than d > 5. If decreasing, then d < 20 is stronger
than d < 10.

In general, if Q is a re nement of P, Q will also conform to P. Considering the language
for specifying QoS o ers or demands, it conforms to many of our requirements. However, it
does not use ontologies (especially metrics ontologies) so it lacks the semantics needed for
better matchmaking.
Matchmaking is based on the concepts of contract and constraint conformance. However,
the matchmaking process if it is based only on these concepts will provide two results sets:
matched service pro les and not matched service pro les. That is no additional ranking is
performed to see if the matched service pro les are better or equivalent to the client pro le.
Thus the user is not assisted very much and could be provided with a huge result set of
conformant (matched) service pro les.
In [ZCL04], DAML-S Web Service description language is extended to include a QoS
speci cation ontology. This is achieved by the following:
•

A ServicePro le element is associated to many QoS pro les (service o erings).

•

External ontologies in DAML for metrics and units are referenced or developed.

•

Existence of a BasicQoSPro le containing all the basic metrics and ability to inherit/extend this type of pro le to provide constraints and/or include custom-made
metrics.

In addition to the DAML-S extension, a novel QoS matchmaking algorithm is proposed,
which is performed after functional matchmaking, and separates the result-set in ve categories. This QoS matchmaking algorithm is based on the concept of QoS pro le compatibility
that states the following: \Two QoS ontology descriptions, say C1 and C2 , are compatible if
and only if their intersection is satis able: compatible (C1 ; C2 ) ⇔ ¬ (C1 ∩ C2 v⊥)". Matchmaking is performed by a DL reasoner that computes the subsumption relationship of a
request R (and ¬R) with all available QoS advertisements.
The de ciencies of this research e ort are the following:
•

The metrics and units classes described do not contain all the appropriate properties
and relationships so further work must be done.

•

The QoS metrics values are restricted to have the set N+ as their range in order to
help the DL reasoner in calculating the T-Box subsumption relationships. However,
this leads to imprecision and errors that can reach one half of measurement unit.
In addition, this feature is based on a misuse of the OWL cardinality constraints to
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express bounds on QoS metrics. A cardinality constraint restricts the number of values
a property can take, not the values themselves.
•

DL reasoners are not very quick and do not support the most complex mathematical
expressions.

•

No further WS selection according to user preferences is performed.

In [DSL04], there is an extension to WSDL in order to include constructs for constraint
speci cation of WSs. By using these constructs, a service provider can specify meaningful attributes for characterizing a WS and its operations. Attribute constraints and inter-attribute
constraints can be explicitly de ned. Attribute constraints are of the form: (x > or ≥ a) or
(x < or ≤ a), where x is a numeric or string-based variable mapped to a QoS variable and
a is a value taken from the domain of variable x. Inter-attribute constraints are of the form:
IF A THEN B , where A and B are boolean expressions of constraints constructed from the
logical operators AND and OR. In addition, a Constraint Satisfaction Processor was developed for matching the requirements given in a service request against the constraints of
registered services in the service discovery process. This processor and some additional components are integrated with the IBM's UDDI registry to form a Constraint-based Broker.
The drawbacks of this approach are the following:
•

The QoS model is not rich enough as it does not cover every possible aspect, especially
that of a QoS metric.

•

The QoS model is structural and not semantic.

•

The constraint speci cation language is not rich enough as it only allows attribute
constraints and simple inter-attribute constraints. This language does not also include
linear and non-linear attribute functions.

•

The matchmaking metric used is incorrect. A QoS o er is matched with a QoS request
if all its QoS metrics have common values with the same QoS metrics of the request.
This is wrong as a QoS o er may promise lower quality values for a metric that are
not acceptable by the QoS request.

5.4 Research Approaches for QoS-based Web Service Description and Selection
WSMO-QoS [WVKT06] is an upper level ontology complementary to the WSMO (www.
wsmo.org) semantic language for functional WS description. Besides this upper-level ontology, a vocabulary of general domain-independent QoS attributes has also been developed.
WSMO-QoS is a very rich ontology capturing many aspects of QoS metric description. It
includes and allows many metric value types (linguistic, numeric, boolean), dynamic calculation of metrics values, the attachment of units to metrics, unit transformation functions,
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the expression of the tendency of the metric's value from the user's perspective and grouping
of QoS attributes. The main de ciencies of this ontology are the following: a) there is a
one-to-one mapping of QoS attributes and metrics, which is incorrect; b) no measurement
modeling (functions and measurement directives of metrics are not expressed); c) only equality constraints on metrics are allowed, which is quite restrictive; d) not publicly available
yet.
This ontology is supported by a QoS-aware selection framework of WSs that uses a
WS selection algorithm similar to the one of [ZBD+ 03]. The only di erence with respect
to the algorithm of [ZBD+ 03] is that the proposed algorithm is di erent when the WS
requester de nes a QoS attribute/metric with tendency=\given" instead of \low" (negatively
monotonic QoS attribute) or \high" (positively monotonic QoS attribute). In this case, the
score scij of the value vij of each QoS attribute Qj of each WS Wi is calculated by the
following formula:

qmax −qij


1 − qmax −qmin ;

qij −qmin
scij = qmax
−qmin ;
¯´
³¯


1 − ¯¯ |qij −rj |−m ¯¯ ;
n−m

if rj ≥ qmax
if rj ≤ qmin
if rj ∈ (qmin ; qmax )

(5.3)

where 1 ≤ i ≤ N , 1 ≤ j ≤ k, rj is WS requester's value for QoS attribute Qj , qmax =
max{qij }, qmin = min{qij }, n = max{|qij − rj |} and m = min{|qij − rj |}. This is actually

the case where a WS requester requires the value of a quality property to be as close as
possible to his value. By closely examining Eq. 5.3, it is easy to see that the rst case can
be simpli ed while the second case is wrong. Thus, Eq. 5.3 can be rewritten as:
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(5.4)

This last feature represents an excellent extension to the WS selection algorithm of Zeng
et. al. [ZBD+ 03]. The main drawback of the selection algorithm under examination is
that it does take into account the QoS groups that were actually accounted and speci ed
in WSMO-QoS in order to perform a second tree-based normalization producing the nal
score for each WS.
Work analyzed in [MS04] is actually a continuation of the work in [MS02]. The requirements of the work in [MS02] have been translated to a quite expressive ontology language.
Its main highlight is the formalization of relationships between QoS attributes. When a QoS
attribute depends on another one, then either its values in uence the values of the other
with a speci c impact or the values of these attributes change in a parallel or in inverse
parallel way. A framework using the ontology to support dynamic web services selection is
also outlined. The main drawback of the proposed ontology is the lack of a metric model.
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In addition, this ontology lacks both an openly available implementation and links to a
semantic description WS language like OWL-S.

5.5 Complete Research Approaches
The research e ort described in [CMDTT05] refers to QoS-based Web Service Description
and Discovery so it is a complete approach. It uses a symmetric QoS model expressing
mathematical constraints for QoS metrics and user preferences (weights given to metrics
and a function expressing the utility assessment of the metric's value with a range of [0,
1]). However, QoS metrics are not ontologically de ned so semantics are missing. Before matchmaking, a QoS speci cation is transformed to a Constraint Satisfaction Problem
(CSP) [VHS96] which is checked for consistency i.e. if there is an assignment of values to
metrics (a solution) such that all the constraints are satis ed. Matchmaking is performed
according to the concept of conformance, which is used for checking out if every solution
to the CSP of the o er is also a solution to the CSP of the demand. After matchmaking,
two main result-sets are produced: matched o ers w.r.t the demand and not (completely)
matched o ers. Unfortunately, the consistency and conformance of CSPs does not always
lead to polynomial computation of solutions especially if there are non-linear expressions
at the QoS constraints. This is a characteristic of the class of CSP problems. In addition,
the matchmaking metric is not totally correct, in these cases where the user provides two
unary range constraints to speci c QoS metrics and these constraints should not be both
respected. For example, if the WS requester provides the constraints: x ≥ 0:8 and x ≤ 0:9
to a QoS metric measuring availability, then only the rst one should be respected as the
second one may discard those QoS o ers promising a better value for the same metric of
availability.
Concerning Web Service Selection, the (QoS) score of a Web Service advertisement
is calculated as a weighted sum of the weight of each metric multiplied with its utility
assessment value, where the assignment of values to metrics is chosen so that the sum
is the minimum. That is Web Service Selection is expressed as a Constraint Satisfaction
Optimization Problem (CSOP) [VHS96] where from all solutions to the CSP of an o er we
try to nd the one that minimizes the previously described weighted sum. Utility assessment
values are calculated by utility functions that are speci c to the QoS metric examined. For
example, the two cases of the selection algorithm of Zeng et. al. [ZBD+ 03] are actually
utility functions for positively and negatively monotonic QoS metrics respectively. Of course,
di erent and even non-linear functions can also be used, especially when the monotonicity
of the QoS metric is not trivial. This selection algorithm has worse performance with the
corresponding matchmaking algorithm as it tries to solve optimization problems using CP
techniques. Additionally, both algorithms are purely syntactic i.e. they can not gure out if
two metrics that have di erent names are exactly the same. Finally, this selection algorithm
does not perform a second normalization based on QoS groups enclosing QoS attributes.
The work in [OVSH06] semantically enriches the WS-Agreement language in order to
develop a semantic framework for matching agreement speci cations of providers and re-
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quester automatically. The WS-Agreement language is extended in important areas such as
the SLO and QualifyingCondition with the addition of the expression, predicate, parameter,
and value tags as de ned in the WSLA speci cation [KL03]. In addition, 4 ontologies are
used to provide a commonality of terms between agreement parties and to provide rich domain knowledge to the search engine so that it may achieve the best possible match results:
1) an OWL ontology for representing the WS-Agreement schema; 2) an OWL-based QoS
ontology encompassing QoS concepts used in guarantees; 3) a third OWL ontology representing domain knowledge; 4) the OWL Time ontology [HP04] for representing temporal
constructs such as endTime, interval, dayOfWeek, and seconds. Moreover, this approach
uses SWRL rules in order to: a) transform one SLO to another one that is semantically
similar but syntactically heterogeneous with respect to the rst one; b) to compare SLO s according to the semantics of a domain speci c predicate; c) to derive new domain knowledge
by e.g. producing a new SLO from one or more other SLOs ; d) to enable user assertions
over subjective personal preferences. Last but not least, it must be stated that this extended
language is connected to WSDL-S (www.w3.org/Submission/WSDL-S/ and is supported by
a complete semantic QoS-based WS discovery framework. QoS-based WS matchmaking is
actually performed according to the semantics of conformance [CMDTT05]. The WS selection process is performed by marking some SLO s as preferred and producing higher scores
to those WSs having the higher number of preferred SLOs. This work has the following deciencies: a) QoS metrics are not modeled at all; b) SLO s of guarantees are expressed only
in terms of unary constraints (i.e. containing just one QoS concept); c) Although timing
conditions are expressed in guarantee s, this does not happen with the whole alternative ; d)
the WS Selection process is quite simplistic and may produce the same scores to two di erent WS o ers { this process should assist the user by providing di erent scores to di erent
WS o ers; e) as explained above, the conformance matchmaking metric is not correct for
some QoS metrics.
The onQoS-QL [GZ07] ontology is very rich encompassing all appropriate aspects of QoSbased WS description by respecting the requirements set in section 4. It is also supported by
a semantic QoS-based WS discovery framework. Its main highlights are: a) the use of scales
for restricting the metric value types and the comparison predicates on metrics; b) the use of
unary and binary predicates for constructing metric constraints; c) metric constraints have
both retrieval and ranking semantics; d) many important types of measurement processes
are supported. According to the c) point, each QoS metric predicate not only lters out
those QoS o ers not satisfying the constraint but also returns a value in the real set [0 1]
indicating the satisfaction degree of the constraint. The main drawbacks of this work are:
a) not all appropriate details are expressed for measurement functions and directives b) only
unary and binary metric comparison predicates are used for expressing QoS constraints on
QoS demands while function predicates (e.g statistical functions) are used only in metric
de nition; c) the QoS pro le of a WS only contains a set of metrics and not a set of
constraints on QoS metrics { this means that the onQoS-QL framework should know and
store all measurements performed on a QoS parameter or to explicitly call external functions
each time it must evaluate a constraint on a QoS metric of a WS (quite time consuming).
In addition, another problem caused by the last drawback is that the WS provider cannot
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enforce constrains on the WS requesters that perform the querying. Finally, this research
approach also proposes a QoS metric derivation algorithm that produces new QoS metrics
and values on them based on semantic rules. This algorithm is used in order to produce the
same set of metrics on both the providers and requesters QoS speci cations so as to increase
the precision and recall of the QoS-based WS discovery process. So this algorithm can be
regarded as a rst good step in aligning QoS-based WS speci cations as it also performs
limited QoS metric matching but only in obvious cases. Unfortunately, more details about
this algorithm are not revealed in order to come to more safe conclusions. In addition, the
onQoS ontology is not publicly available.

5.6 Comparison
The goal of this section is to compare all of the reviewed research approaches against the
requirements set in chapter 4. However, as it is not right to bore the reader with repetition
of information already provided in the previous subsections, this comparison is established
with the use of three di erent tables. Each of these tables focuses on the requirements set
for one functionality { that is QoS-based WS description, matchmaking, and selection { and
informs the user about the o erings of each research approach. By providing these tables, an
overview of the research approaches and their achievements is supplied and the conclusion
of the literature review is easily proved and comprehended.
Before proceeding to presenting the three tables, it must be stated that some approaches
will be present in two or even the three tables as they o er more than one functionality. In
addition, the general notation used in each table must be explained. For each requirement
of a functionality, the symbol \{" denotes that this requirement is not satis ed at all if
it is present in the row of a particular research approach while the symbol \yes" denotes
that this requirement is speci ed. For requirements where simple no or yes answers are not
adequate, we have the following symbols and their explanations: the word \poor" denotes
that the requirement is poorly supported, the word \fair" denotes that the requirement is
partially supported, in cases where a requirement is basically supported, the word \good"
will appear, while in cases where a requirement is totally supported, the word \excellent"
will be present.
The rst table is split into tables 5.1 and 5.2 summarizes the satisfaction of each requirement by each research approach reviewed for the QoS-based WS description process. The
main requirements are: extensible and formal QoS model, syntactical separation, both client
and service QoS speci cation, re nement of QoS speci cations, symmetric model of QoS
speci cation, QoS attributes model, constraint de nition and expressiveness, and classes of
service speci cation. As these requirements are already explained in section 4.1, they do not
need any special introduction and analysis. Each approach and its achievements appears at
the rows of this and the other tables.
The second table 5.3 summarizes the satisfaction of each requirement by each research
approach reviewed for the QoS-based WS matchmaking process. The main requirements are:
QoS metric matching, precision, recall, performance, result categorization and optimization.
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Table 5.1: Comparison of Research Approaches in QoS-based WS description

Extensible Synt/cal
Both
Ref/ment Fine- Symmetric QoS Constraint Classes
& Formal Sep/tion
Client
of QoS Grained
Model
Attr/s Def/tion & of Service
QoS
& Service
Specs
QoS
of QoS
Model Expr/ness
Spec
Model
Spec
Spec
Spec
Cyc
{
{
{
{
{
{
fair
{
{
SHOE
{
{
{
{
{
{
poor
{
{
[KF02]
{
{
{
{
{
{
fair
{
{
[TEPP02]
{
{
{
{
{
{
good
{
{
WSDL
{
{
{
{
{
{
{
{
{
UDDI
{
{
{
{
{
{
{
{
{
OWL-S
{
{
{
{
{
{
{
{
{
[Ran03]
yes but
{
yes
{
{
yes
poor
poor
{
syntactic
[DSGF03]
{
{
{
{
{
{
poor
{
{
[MS02]
yes
{
yes
{
{
{
fair
{
{
[TPP03]
yes but
yes
{
yes
{
{
good
good
yes
syntactic
[JMS02, KL03] yes but
yes
{
yes
{
{
good
excellent
yes
syntactic

Research
Approach
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Research Extensible Synt/cal
Both
Ref/ment Fine- Symmetric
QoS
Constraint Classes
Approach & Formal Sep/tion
Client
of QoS Grained
Model
Attr/s Def/tion & of Service
QoS
& Service
Specs
QoS
of QoS
Model Expr/ness
Spec
Model
Spec
Spec
Spec
[TGN+ 03]
yes but
yes
yes
{
{
yes
fair
poor
yes
syntactic
[DLS05]
yes
yes
yes
yes
yes
{
fair
poor
yes
[TRPA06]
yes
yes
yes
yes
{
yes
good
poor
yes
[FK98]
yes but
yes
yes
yes
yes
yes
good
good
yes
syntactic
[ZCL04]
yes
yes
yes
yes
yes
yes
good
poor
yes
yes but
{
yes
yes
{
yes
fair
fair
{
[DSL04]
syntactic
[WVKT06]
yes
yes
yes
yes
{
yes
good
poor
yes
[MS04]
yes
yes
yes
yes
{
yes
good
poor
{
[CMDTT05] yes but
{
yes
{
{
yes
fair
good
{
syntactic
yes but
{
yes
yes
{
yes
good
poor
yes
yes
yes
yes
yes
{
yes
excellent
good
yes
[OVSH06]
[GZ07]

Table 5.2: Comparison of research approaches in QoS-based WS description (cont.)
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Research
Approach

Semantic
QoS Metric
Matching
[FK98]
{
[ZCL04]
{
[DSL04]
{
{
[CMDTT05]
[OVSH06]
{
[GZ07]
yes
(limited)

Precision

Recall

excellent
good
good
good
fair
excellent
excellent
good
excellent
good
excellent
good

Performance
{
good
excellent
excellent
good
good

Results Optim/tion
Cat/tion
fair
good
fair
fair
fair
fair

{
{
{
{
{
{

Table 5.3: Comparison of research approaches in QoS-based WS matchmaking
The rst requirement express the fact if semantic QoS metric matching is performed in
order to align the QoS-based WS speci cations before the actual matchmaking is executed.
The second and third requirements de ne the accuracy of the matchmaking metric and
subsequently of the matchmaking algorithm with the use of two metrics [DMR02]: precision
(indicating if all results returned are correct) and recall (indicating if all correct results are
returned). By expressing precision or recall as \excellent", their values are equal or very close
to 1.0. If they are \good", their value is above 0.5. \Fair" notations for these two properties
indicate that the values of these properties can go below 0.5. The performance requirement
a ects how fast the matchmaking algorithm executes while the next requirement expresses
the need for an advanced categorization of results assisting the user in understanding and
using these results. Finally, the last requirement a ects the ability of the matchmaking
system to deal with over-constrained demands and return meaningful results.
The third table 5.4 summarizes the satisfaction of each requirement by each research
approach reviewed for the QoS-based WS selection process. The main requirements are:
user preference speci cation, user constraints enforcement, normalization, and QoS grouping.
The rst requirement speci es how well the user requirements are captured and de ned by
the research approaches. The second requirement speci es if user constraints are taken into
account by the approach's selection model. The third requirement speci es if the values for
all QoS properties/metrics are normalized in order to have a fair selection model. The last
requirement speci es if the selection model follows a tree-based computation approach in
order to produce a score for a QoS o er.
As can be understood from all the tables shown, there is no research approach that
supports all the requirements we have set for each process of QoS-based WS description and
discovery. This identi ed gap can be covered by an approach that is carefully designed and
implemented based on all the requirements of chapter 4. Such an approach is the one that
was carried out in terms of this PhD thesis and is revealed in the next chapter. As it will
be shown, our approach satis es in the best way all of these requirements. Moreover, the
evaluation of our approach empirically proves our claims.
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Research
Approach
[ZBD+ 03]
[LNZ04]
[WVKT06]
[MS04]
[CMDTT05]
[OVSH06]
[GZ07]

User
User
Normalization
Preference Constraints
Spec
fair
{
yes
good
{
yes
good
fair
good
good
fair

yes
{
{
yes
yes

yes
{
yes
{
yes

QoS
Grouping
{
yes
(one-level)
{
{
{
{
{

Table 5.4: Comparison of research approaches in QoS-based WS selection

5.7 Conclusions
In this chapter, we have provided a literature review of the current state-of-the-art research
approaches in QoS-based WS description and discovery, based on the requirements set in the
previous chapter. Each research e ort was analyzed in detail, bringing into light its main
strengths and de ciencies in accordance to our requirements. The chapter was organized into
six main sections, where in each section from the rst ve its corresponding research approaches were analyzed. So the research e orts were actually grouped thematically according
to the amount of their functional contributions, from those o ering the least functionality
until those that are complete. However, approaches o ering the least functionality does not
mean that are not better in this functionality with respect to those that are functionally
complete. This latter fact along with other details could be derived from the three unitary tables of the last section with which we tried to compare in a summarized way the
corresponding research approaches according to the requirements of section '4. To be more
speci c, each table was devoted to comparing the presented research e orts (whenever this
was applicable) against the requirements of either QoS-based WS description or QoS-based
WS matchmaking or QoS-based WS selection. In this way, we could prove and actually it
was easily perceivable from the three comparison tables that there was a signi cant research
gap in QoS-based Web description and discovery. This research gap is aimed to be closed
by the research approach we propose and analyze in the next chapter.
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Chapter 6

Proposed Approach
Based on the literature review of the previous chapter, there is a signi cant research gap in
QoS-based Web Service description and discovery. This gap is covered by the contributions
of this thesis which are the following: a) a semantic, rich and extensible QoS description
model for WSs; b) a semantic alignment algorithm for QoS-based WS speci cations; c)
development of di erent QoS-based WS discovery algorithms optimized according to the
solving technique used and the user requirements.
Before analyzing our three thesis's contributions, the rst section 6.1 is dedicated to the
analysis of which instance of the main problem was solved by the provision of assumptions
and restrictions. The remaining three sections are dedicated to the theoretical analysis for
the three main contributions of this PhD thesis providing answers to the questions of in
which way, by which mean and how well the instance of the main problem is solved. The
practical or experimental evaluation of our contributions is provided in chapter 7.

6.1 Hypothesis
First of all, it must be noted that the problem of QoS-based WS description and discovery is
very complex and many factors should be taken into account in order to solve it successfully.
Thus, a complete solution cannot be accomplished easily and requires the contribution of
many researchers or scientists. The main purpose of this thesis was to provide a theoretical
solution of a speci c instance of this problem. This instance is set by posing constraints and
assumptions both on the WS description and discovery processes and on the entities that
participate in these processes. The theoretical solution of this instance of the main problem
was accomplished by:
•

a semantic, rich and extensible QoS-based WS description language and a methodology
of how to use it;
91

6.1. HYPOTHESIS
•

an algorithm aligning QoS-based WS speci cations using a \QoS metric matching"
algorithm as a component that o ers the functionality of inferring if two QoS metrics
are equivalent;

•

QoS-based WS matchmaking and selection algorithms for the QoS-based WS discovery
process exploiting the CP and MIP solving techniques

In addition to the theoretical solution, a software system was developed implementing the
above algorithms and solutions that takes as input a list of QoS-based WS advertisements
and requests.
Based on the fact that the QoS-based WS description sub-process is part of the WS description process, its relative order in relation to the other sub-processes must be determined
along with the actions and restrictions of the SOA entities regarding the manipulation of
their objects. Below we provide a complete list of our assumptions and constraints:
1. Obviously, a Service Provider (SP) has speci c software. So he knows the functional
capabilities and behavior of his software. When he makes it available on the Internet
as a WS, then he also knows its signature. After using a QoS analysis tool, the SP
is aware of what QoS can deliver to his customers and of what is its impact to the
resources used. So he can estimate the QoS o ers that are associated to his WS.
Therefore, the SP knows in advance the functional capabilities and the behavior of his
service while then he can determine the signature and the QoS of his service.
2. The SP registers (in a registry or other type of repository) a complete WS description
or only its functional part (interface, capability, behavior). In the rst case, the WS
description/advertisement contains one functional part that is associated with one or
more QoS-based o ers. In the second case, the SP can later complete his advertisement by registering QoS o ers related to the functional part of his WS advertisement.
Therefore, the functional description registration must precede or be concurrent with
the QoS one.
3. A QoS o er has time validity. It is the responsibility of the registry and its underlying
mechanisms to discard QoS o ers that have expired. However, in the developed QoSbased WS discovery algorithms we did not check the time validity of the QoS o ers
but as this is a very easy task, it can be performed in the future.
4. A QoS o er must conform to the QoS-based WS description requirements that were
speci ed in chapter 4. It should also be described by the proposed and developed
QoS-based WS description language called OWL-Q (which also conforms to the description requirements). It may use the mid-level (generic) concepts (metrics, units,
measurement functions, e.t.c.) speci ed with OWL-Q. It may also use low-level (domain dependent) concepts developed by domain modelers with the format of OWL-Q.
5. The speci c values or range of values of QoS metrics that appear in QoS constraints
in a QoS o er are usually given by the SP. However, there will be cases where a
third-party entity monitors the delivery of the WS under the promise of a speci c QoS
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o er. In this case, the third-party entity renders some (if not all) of the values of
the QoS metrics. In addition, there will be cases where a QoS o er does not contain
constraints of speci c QoS metrics as these metrics can only be measured by the
WS requester. To meet this, the registry can collect these requesters' observations
(either by asking the requester or the requester submits them), transform them to
the appropriate default unit, estimate the range of values of these QoS metrics and
add the corresponding constraints to the appropriate QoS o er. Of course, this last
addition of QoS constraints to a QoS o er is not safe because the requester may not
be telling the truth about his observations or he may not have used the WS or the
speci c QoS o er was not promised to him. According to the context of this thesis, it
was expected that the registry delivers to the proposed discovery algorithms the best
possible, safest and fair description of QoS o ers.
6. When the SP erases the functional part of a WS advertisement, then all the corresponding QoS o ers should be erased, too, by the registry. In reverse, if the SP erases
all the QoS o ers of a WS advertisement, then the registry should erase the functional
part, too. It may be more appropriate for the registry to provide a single function for
erasing WS advertisements.
7. All the before-mentioned new underlying mechanisms (time validity, registration of
QoS o ers, association of parts of an advertisement, erasure of advertisements) of a
registry were not implemented during the time of this PhD. Thus we consider them
as future work and hypothesize that are implemented by the registry hosting our
developed prototype software.
As QoS-based WS discovery is a sub-process of the WS discovery process, we follow the
same procedure as above and supply a complete list of our assumptions and constraints:
1. It is assumed that the WS (functional) matchmaking sub-process precedes the QoSbased one. This is because the WS requester is mainly interested in nding out which
WSs satisfy particular functional criteria in order to achieve his goal. Then he is interested in nding out which of the returned WS advertisements has the best performance
to price ratio.
2. In consequence, it is expected from the WS functional matchmaking sub-process to
hand over a list of candidate WS o ers. These o ers are derived from the calculated
list of WS advertisements that satisfy the functional criteria of the WS requester. In
addition, the aforementioned sub-process must hand over the QoS demand/request and
QoS selection criteria of the WS requester. These QoS request and selection criteria
are part of the whole WS request, which is submitted to this sub-process initially by
the WS requester.
3. Thus, the input to the QoS-based discovery process is a list of QoS o ers, a QoS
demand and a set of QoS selection criteria.
4. It is assumed that the WS functional matchmaking sub-process was perfectly executed,
returning ideal results. Currently, this sub-process is not completely recallable and
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precise due to reasons that were previously analyzed in chapter 2. The results returned
are expected to be perfect (functional) matches as this is the most interesting result
category for the WS requester.
5. The QoS-based WS matchmaking and selection sub-processes conform to the requirements posed in the 4.2 and 4.3 sections of chapter 4.
6. The results returned from the QoS-based WS matchmaking sub-process must be at
least of three types: perfect matches, partial matches and failed matches. Apart from
the hand over of the results along with their characterization, this sub-process should
also deliver to the QoS-based WS selection sub-process the QoS selection criteria of
the WS requester. So we also assume that the QoS-based WS matchmaking process
precedes the QoS-based WS selection process.
7. As we are not aware of a WS selection sub-process that does not rank WS o ers
according to QoS criteria, from now on the notions of WS selection and QoS-based
WS selection are considered equivalent.
8. The result of the WS selection sub-process is a ranked list of QoS o ers. Each rank
must be unique based on the requester's QoS criteria unless there are identical QoS
o ers. In this case, the identical QoS o ers must get the same rank.
9. It is the responsibility of the whole WS discovery process not only to control the
data and work ow of its sub-processes but also to provide a complete, custom-tailored
characterization of the results returned. In the context of this thesis, the whole WS
discovery process was not going to be implemented but only the QoS-based WS matchmaking and selection sub-processes. For evaluation purposes, a program was implemented to control the data and program ow of the two implemented sub-processes.
This program returned to the WS requester a list of the following format of results:
[WS Advertisement URI, QoS o er URI, (perfect or partial QoS match?), QoS rank].

6.2 OWL-Q for QoS-based Web Service Description
Based on the design principles and requirements of QoS-based WS Description set in section 4.1 and on the assumptions and constraints of the previous section, we have developed
an OWL-S extension (the requirement syntactical separation is satis ed as our ontology can
be developed independently from OWL-S), named OWL-Q [KP06], for QoS-based WS description of both requests and o ers. We have extended OWL-S ontological description for
two reasons: to comply with Semantic WS description standards (standards compliance ) and
to use the OWL [BDH+ 03] ontology formalism (extensible and formal semantic QoS model ).
OWL is one of the most expressive ontology languages and it is a W3C recommendation.
There have been developed various reasoning tools for OWL enabling the enforcement of
various class and property constraints, subsumption reasoning, type-checking. Using these
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tools the syntactic and semantic validity of QoS descriptions can be checked and the processes of QoS matchmaking and selection can be properly supported.
Apart from this upper-level ontology, which is analyzed in subsection 6.2.1, mid-level and
low-level ontologies were also created in order to support the evaluation of our QoS-based
WS alignment and discovery algorithms and to ease the adaption of OWL-Q. In addition,
SWRL1 rules were also developed for supporting the semantic type-checking and validity of
QoS speci cations and for inferencing new knowledge like the equivalence of QoS metrics.
The reasons of why rules were also needed apart from OWL-Q are given in subsection 6.2.2
along with the main rules used (except from those inferencing the equivalence of QoS metrics
that are analyzed in section 6.3).

6.2.1 OWL-Q
During the implementation of this thesis proposal, OWL-Q design was nalized [KP07d,
KP07a]. In its new form, OWL-Q is carefully separated into several facets. Each facet can be
developed and extended independently of the other (syntactical separation and re nement
of QoS speci cations ). Each facet concentrates on a particular part of QoS-based WS
description. A document describing a QoS WS advertisement or request should reference
all the facets of our ontology.
In the sequel, we analyze all facets of the OWL-Q ontology commenting on eight guressnapshots of this ontology. Each gure contains classes (circles) and properties (arrows). It
does not include cardinality constraints and other type of OWL constraints. The reason for
using this formalism is not to present very complicated gures and in order to show that
our ontology can easily be expressed in another ontology language apart from OWL.

Connecting Facet
As can be seen in Fig. 6.1, the Connecting facet provides two points of connection of OWL-S
with OWL-Q and provides some high-level QoS concepts. The rst point of connection of
the two ontological descriptions is that the ServiceAttribute class is a subclass of OWL-S
ServiceParameter and references a ServiceElement. Subclasses of the latter class are ConditionalOutput, Parameter, Input, Precondition, E ect, and Service. That is a ServiceAttribute can reference any ServiceElement of a service's functional description ( ne-grained
QoS speci cation). Another point of connection is that the Actor class is separated into
three subclasses: Provider, Requester, ThirdParty so as to de ne the main actors involved
in QoS-based WS description and measurement. A Service Attribute contains two subclasses: QoSAttribute and ContextAttribute and is a subclass of the general class Attribute.
QoS attributes can be static or dynamic and are measured by static or dynamic QoS metrics
respectively. Moreover, QoS attributes belong to QoS groups which can be inside other QoS
groups. For example, Response Time QoS attribute belongs to the QoS group of Performance. An attribute can be separated into a) physical or service attributes, b) measurable
1 http://www.w3.org/Submission/SWRL/
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Figure 6.1: Connecting OWL-Q facet
or unmeasurable attributes and c) unique or derived attributes. Physical attributes like
Time, Temperature and Location characterize environmental (contextual) factors of a WS
or its requester while service attributes like Availability or NumOfInterfaces are functional
or non-functional characteristics of a WS. Measurable attributes like Time are measured
by speci c metrics while unmeasurable attributes like Manageability cannot be measured.
Unique attributes like Time are not derived by other attributes and are measured by resource metrics while derived attributes like Throughput are produced by complex metrics
computed by functions using metrics of other attributes. We have not included all classes
referenced here in the displayed gure in order not to create many images and distract user's
attention from the main description and analysis. The Domain class represents the domain
of knowledge that a service applies to and is separated into two subclasses: a) GeneralDomain and b) Speci cDomain. The GeneralDomain stands for every possible WS. Speci c
Domain can be further specialized/subsumed, for example a possible subclass could be the
Trac Monitoring domain.

QoSSpec Facet
In this facet, that is shown in Figure 6.2, the classes representing QoS o ers and requests are
de ned. Moreover, the nal point of connection of OWL-S with OWL-Q is established by
the fact that a ServicePro le contains one or more QoSO ers 's or one QoS Request (classes
of service requirement ). The main class QoSSpec is separated into two subclasses: QoSO er
and QoSDemand in order to enable WS providers and requesters to de ne in the same way

96

CHAPTER 6. PROPOSED APPROACH

Figure 6.2: Basic OWL-Q facet
their QoS constraints (both provider and requester QoS speci cation). Of course, the WS
requester is enabled not only to specify constraints (by the QoSDemand class) but also to
provide weights to QoS metrics and groups of his interest (by the fact that the QoSRequest
class points to the class QoSSelectionTree ). The QoSSelectionTree class is actually a tree of
nodes called QoSSelectionElement s. Each node is either a QoS metric or a QoS group and
has a weight label. The QoSSpec class represents the actual QoS description of a WS. It
describes the security and transaction protocols used (URIs), the cost of using the service
(double) and the associated currency for the cost (unit), the validity period of the o er
or demand (Period class de ned in a following facet) and a QoS constraint (which can be
complex or simple) that must be guaranteed.

QoS Metric Facet
The QoS Metric Facet (shown in Figure 6.3) describes all the appropriate classes and properties used for a proper formal de nition of a QoS metric (QoS metric model). This metric
facet is actually an upper ontology representing any abstract QoS metric. A speci c QoS
metric can be created by instantiating the QoSMetric class. Many speci c QoS metrics (especially the ones that are domain-independent) can be part of a mid-level ontology created
for QoS metric reuse. We have developed a mid-level ontology de ning cross-domain QoS
metrics and a low-level ontology for de ning QoS metrics for the particular domain of Trac
Monitoring.
The QoSMetric is one of the most important classes of OWL-Q representing a QoS met-
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Figure 6.3: QoS Metric facet
ric. The values of a QoS metric are provided by an Actor. A QoS metric belongs to a Domain
of knowledge. It has only one name. It measures a QoSAttribute ∪ MeasurableAttribute
(in the gure we have omitted that the attribute is measurable due to space limitation) on
a speci c ServiceElement. The value type of a QoSMetric is an instance of the MetricValueType class (analyzed in a following facet) while the scale of the value is an instance of the
Scale class. A QoSMetric is separated into static and dynamic metrics. A StaticQoSMetric
is computed only once according to a Trigger in order to produce a value for a StaticQoSAttribute. A DynamicQoSMetric is computed repeatedly according to a Schedule to produce
values of a DynamicQoSAttribute that change over time. It can be a simple QoS metric
measuredBy a MeasurementDirective or a complex one. ComplexMetric s are derived from
other metrics with the help of a MetricFunction. Last but not least a QoSMetric is related
to other metrics according to two types of Relationship s: Independent and Related. When
two metrics are related, we can specify the direction of their values or the impact of one's
value to the other's value. According to the scale it uses, a metric can be categorized into
absolute, interval, nominal, ordinal and ratio metrics (this information was also omitted in
the gure due to space limitation).

Scale Facet
A measurement scale { main class of the Scale facet shown in Figure 6.4 { controls the value
type and the type of operations allowed for a metric and belongs to a speci c Attribute. It
also speci es indirectly the way one value expression bound to one scale can be transformed

98

CHAPTER 6. PROPOSED APPROACH
to another value expression of another compatible scale (both scales belonging to the same
metric). So speci c scales can be compatible if they belong to the same scale type and there
is a ScaleTransformationFunction that transforms their expressions into each other. Scale
is a more general notion with respect to Unit. A scale can be categorized into ve disjoint
subclasses: NominalScale, OrdinalScale, IntervalScale, RatioScale and AbsoluteScale [Fen96].
Nominal scales concern metrics that have as value type a set of numbers or strings. The
members of this set cannot be compared (no ordering). Speci c nominal scales can be
compatible if there is a one-to-one mapping function between their corresponding value
types. Ordinal scales apply to metrics that have an ordered set as value type. Metrics
belonging to di erent ordinal scales cannot be added, multiplied, divided or abstracted in
QoS constraints. We can transform one ordinal scale expression into another one with the
help of monotonic functions. Interval scales preserve not only ordering but also di erences.
However, they do not preserve ratios. The operations of addition and substraction are
allowed between di erent ordinal metrics. We can transform one interval scale expression
into another one with the help of ane transformation functions of the form: M = a ∗ M 0 + b.
Ratio scales preserve ordering, size of intervals and ratios. In a ratio scale there is always
a zero element representing the total lack of the measured attribute. All arithmetics are
allowed between di erent ratio metrics. We can transform one ratio scale expression into
another one with the help of mapping functions of the form: M = a ∗ M 0 . Finally, the
following facts are true for an absolute scale: a) measurement is made simply by counting
the number of elements in the measurement set; b) measured attribute takes the form:
\num of occurrences of x in the entity"; c) all arithmetic analysis is meaningful; d) the
set of acceptable transformations between di erent absolute scale expressions is the identity
transformation function.

Unit Facet
The Unit Facet (shown in Figure 6.5 formally describes the unit of a ratio scale of a ratio
QoS metric. A Unit has one name, several abbreviations and synonyms (even in di erent
languages). A Unit belongs to a System of Units, which system can be SelfConsistent or
NonSelfConsistent, and is associated with a MeasurableAttribute. In case this latter attribute
is actually a QoSAttribute, then it is measured by the ratio QoS metric that indirectly
references this unit (this information is missing from the gure). A Unit is separated into
BasicUnit s and MultipleUnit s. The BasicUnit class is separated into UniqueAttributeUnit s
and DerivedAttributeUnit s, depending on the type of Attribute measured. A MultipleUnit
is associated with a BaseUnit and converted to it by a constant (magnitude ). It has a
name composed of the name of its BaseUnit and a pre x. A DerivedUnit is proportional
to some Unit s and inverse proportional to other Unit s. It also has a magnitude that is
used to express its mathematical de nition in relation to the other (inverse) proportional
units. An unit is equivalent to another unit and can be converted to it with the help of
their ratio scale and its ratio transformation functions. In addition, we have de ned a
Unit Equivalence class capturing those unit pairs that contain equivalent units and we have
provided a property formula pointing to a XML-based string that explains in a mathematical
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Figure 6.4: Scale facet
language like OpenMath2 how the conversion should be performed mathematically.

Metric Value Type Facet
The MetricValueType facet { shown in Figure 6.6 describes the types of values a QoS metric
can take. The MetricValueType s can be Scalar or List-Based types. Scalar value types
are simple value types that can be NumericScalar or String. Unconstrained value types
actually represent the in nite integer set or the decimal set (−∞; +∞). Constrained value
types represent NumericScalar value types that have (upper or low or both upper and low)
limits. Constrained value types are separated into SemiConstrained and TotallyConstrained
value types. SemiConstrained value types represent integer or decimal data types that are
constrained in one of their limits. For example, the integer set [0; ∞) is an instance of
this type. TotallyConstrained value types represent integer or decimal data types that are
constrained in both of their limits. For example, the decimal set [0.0, 1.0] is an instance
of this type. The List-Based class represents list value types that have a speci c size and
whose elements are of a speci c value type. Subclasses of the List-Based class are: numeric
or string lists, string double-lists and timeseries. Numeric or string lists represent value
types for nominal or ordinal scales. String double-lists represent string lists that can be
mapped to decimal or integer lists again both for nominal or ordinal scales. For example,
{[\one", \two", \three"], [1, 2, 3]} is an instance of a String double list. A TimeSeries
2 www.openmath.org
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Figure 6.5: Unit facet
object is a set of TSElement s representing measurements performed on a speci c time point
and producing a speci c value. Finally, the MetricValueType class has two subclasses (not
shown in the gure) indicating the direction of values for the QoS metric that owns one
of these two subtypes: PositivelyMonotonic value types have a direction of values from the
lowest to the highest value where the highest value is mapped to the highest quality level
that can be achieved while a NegativelyMonotonic value type has an opposite direction of
values where the highest quality level is mapped to the lowest value. As an example, a
QoS metric measuring the Availability QoS attribute like the one presented in chapter 3
has as value type a positively monotonic value type of CDouble (totally constrained double)
[0:0; 1:0]. Due to the complexity of the gure we have not included the latest subclasses of
value types.

Function, Measurement Directive and Schedule facets
These three facets are shown in Figure 6.7. Functions in OWL-Q are separated into functions
applied to metrics and functions applied to scales. Metric functions have speci c name,
contain a list of input arguments that are either QoS Metric s, Decimal values or other
Metric Functions and produce a single argument (QoS metric or decimal) as an output.
Metric functions are further categorized into Metric Construction Function s and Metric To
Numeric Function s. The former subclass contains those functions that construct TimeSeries
(TS) metrics like TSContructor (produces a series of time-based measurements for a resource
metric) while the latter contains metric to numeric functions like Size (produces the size of
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Figure 6.6: Metric Value Type facet
the TS) that are further separated into statistical ones like Mean (produces the mean of the
values of the TS). Scale transformation functions are further categorized into ve disjoint
subclasses and are used for converting one scale expression to an expression of another scale
of the same type.
The MeasurementDirective class speci es the way simple metrics are measured. It speci es by a URI how the value of a managed resource is going to be retrieved and by a
ValueType the type of the return value. In addition, it speci es if the party responsible for
the measurement will ask for the value or get it when it is ready (i.e it speci es the access
model, where AccessModel = P ull ∪ P ush). This class can have many subclasses, some
of which may require a possible extra attribute (timeOut ) speci cation concerning the time
duration (of type interval speci ed in next paragraph) that the measurement party will wait
for in order to get the measurement value (consider for example the Status measurement
directive [KL03]).
A Schedule is used to compute the frequency of the computation of a Complex Metric 's
value. It has a speci c name and is de ned either by a starting and ending Period of
xsd:dateTime type or by a time Interval that is expressed in speci c time units.

Constraint Facet
This facet that is shown in Figure 6.8 represents the actual constraint speci cation of QoSbased WS speci cations. A Constraint can be simple or complex. Simple Constraint s
compare two arguments (that { as analyzed in the previous subsubsection { can be metric

102

CHAPTER 6. PROPOSED APPROACH

Figure 6.7: Function, Measurement Directive and Schedule facets
functions, QoS metrics or Decimal values) with the help of a binary comparison predicate
like ≤. On the other hand, complex constraints are speci ed with the enforcement of a
constraint predicate (like \and", \or", \not" or \if A then B") to a list of constraints. In
this way, a conjunction of simple constraints can be represented by a complex constraint
using the \and" constraint predicate and referencing the constraint list containing these
simple constraints. Finally, the Predicate class is used to represent all possible predicates
used in constraint speci cation [KL03]. Its subclasses are unary, binary or n-ary predicates.

6.2.2 Rules
The most signi cant change adapted in OWL-Q is the incorporation of rules. It is well-known
at the Semantic Web community that OWL supports very well reasoning about concepts
but not about properties. For example, there is no way we can specify that a fact p(x; y)
can be true, where x; y are instances, if other property or instance facts are true. As another
example, there is no way to specify that two or more property or class instance facts (or a
mixture of them) cannot be both part of the semantic database. However, it was imperative
in OWL-Q to reason about properties with rules because: a) relations between temporal
properties like duration [HP04] had to be expressed and reasoned about; b) operations or
comparisons on metrics had to be restricted according to the scale that they use; c) integrity
constraints between property facts and/or instance facts had to be enforced (e.g. in lists we
have prevented cycles with the help of rules); d) compatibility or equivalency of scales and
compatibility of metrics' value types were expressed by OWL property facts red by rules;
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Figure 6.8: Constraint facet

e) rule-based algorithms like the metric matching one (see next section) were speci ed with

rules. So we have extended OWL-Q with rules, which are expressed in SWRL { the most
widely used SW rules proposal at present.

6.2.3 Achievements
OWL-Q is among the most rich semantic QoS-based WS languages. In the sequel, we
are going to analyze why we have selected OWL-S instead of WSMO (or any other SWS
language) and how OWL-Q satis es all the requirements set in chapter 4 in the best possible
way.
OWL-Q extends OWL-S and adopts OWL for semantically describing QoS-based WS
speci cations. The extension of OWL-S is performed in a way that OWL-Q can be syntactically separated from OWL-S. In this way, OWL-Q achieves syntactical separation and
adoption of world-wide standards. Of course, besides OWL-S there are other SWS languages
from which the most competitive one is WSMO. Let us now compare OWL-S and WSMO.
In summary, OWL-S mainly uses the agent planning approach and models WSs as processes,
whereas WSMO is mainly based on problem solving techniques and models WSs as state
machines. OWL-S is better integrated with the existing Web standards and has de ned a
speci c process model and grounding mechanism. WSMO provides some relatively mature
execution environments; the explicit de nitions of choreography and orchestration enable
the better service reuse and composition; also PSM appears to be a more nature choice of
formalisms to describe WSs. Lastly, OWL-S is just a service speci cation ontology, whereas
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WSMO is a complete SWS framework [GPSH08].
Based on the above comparison, we cannot conclude a clear winner of the two important
SWS alternatives. OWL-S and WSMO currently each deliver parts of what users need for
e ective Web services representation and fail to deliver other parts [GPSH08]. There are
two reasons why we have selected OWL-S from WSMO. The rst one is that at the time
we started our thesis, OWL-S had a better tool support than WSMO. The second reason
concerns ontology reasoning. OWL-S is tightly coupled with OWL, while WSMO de ned
as a conceptual framework aims to support a family of Ontology speci cation languages,
which include Description Logics, First-Order Logic and Logic Programming based ontology
language variants. Despite of this, the syntax of WSMO ontology language (WSML) is based
on F-logic. Furthermore, as far as we know, all most all the WSMO use cases and execution
environments have adopted F-Logic based WSML variant as the ontology languages. So let
us compare F-Logic with OWL. While most users nd F-logic systems more intuitive and
easier to use, at least initially and for simpler applications, for large ontologies with multiple
inheritances, composition of entities allows ontologies implemented in OWL to be regular
and parsimonious. Moreover, for large ontologies written in frames and related formalisms,
the number of enumerated entities tends to explode exponentially. In OWL ontologies many
operations can be performed automatically by a reasoner; whereas ontologies implemented
in frames must be maintained largely manually. If reasoning is required, OWL provides built
in inference (e.g. consistency checking, instantiation reasoning, etc.) through the reasoner,
whereas frames use a variety of external query and constraint languages. Where required
for use in software, OWLs more rigid semantics and global consistency checking provide
more support than is possible using the local reasoning typical of frames and their associated
query and constraint languages. Finally, OWL is a W3C standard which may well promote
its acceptation in the future. So based on the above reasons, we prefer OWL to F-Logic
and choose OWL-S as it is tightly coupled with OWL. Of course, WSMO also de nes some
mappings from the F-logic to OWL (DL, Lite and Full), but most of these mappings are
only at the syntax level. To end this discussion, we have to note that OWL-Q is speci ed in
such a way that it can be easily connected to WSMO and we plan to make this connection
in the near future.
Let us now concentrate on how well the requirements set in chapter 4 are satis ed by
OWL-Q. OWL-Q o ers a semantic, rich and extensible QoS model. The QoS model is
semantic as OWL is adopted. It is rich as there are many facets developed each capturing
an aspect of QoS-based WS description in great detail. Last but not least, it is extensible
as all these facets can be re ned and specialized according to the requirements of the users.
The latter advantage is mainly based on the fact that ontologies can be structured and
developed independently of the others and can be connected via the namespace construct.
In this way, re nement of QoS speci cations is easily allowed and realized with ontologies
(re nement of QoS speci cations).
Another advantage of OWL-Q is that its semantic QoS model contains a rich and semantic QoS attributes and metrics model. The richness of this model is undoubted as there are
many aspects supported for both of these entities and in great detail. Especially, the QoS
Metric, Scale, Unit, MetricValueType and Function facets are the most rich and detailed
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facets with respect to all other research approaches.
Concerning speci cation of constraints, OWL-Q supports a quite rich, extensible and
expressive constraints model. Simple constraints are de ned by the expression: [arg1
binaryP redicate arg2 ] where arg1 and arg2 are QoS metrics, metric functions or decimal
values and binaryP redicate is a binary comparison predicate between these two subexpressions like ≤; <; ≥; >; ! =; ==. If someone has studied the research approach of [FK98], it
is easy to derive that our approach is equivalent to it with respect to the simple constraint
speci cation. Moreover, metric functions can play the role of aspects in the same way they
are de ned in [FK98] because we have de ned most of the TS construction and statistical
functions speci ed in [KL03]. Complex constraints can be constructed by simpler ones with
the help of constraint predicates. We have de ned many unary, binary and n-ary constraint
predicates. An example of a unary constraint predicate is the \not" predicate, examples
of binary constraint predicates are the \⇔" and \⇒" predicates and examples of n-ary
constraint predicates are the \and" and \or" predicates.
Finally, OWL-Q can connect many QoSPro le s to a single ServicePro le satisfying the
requirement of class of service speci cation. Moreover, as QoS Metrics can be de ned to
measure QoS properties of di erent Service Element s, OWL-Q also satis es the requirement
of ne-grained QoS speci cation. Table 6.1 summarizes the achievements of OWL-Q. If this
table is compared to the tables 5.1 and 5.2 of chapter 5, it is easy to see that OWL-Q not
only outstands all research approaches in QoS-based WS description but also satis es all
the requirements set in chapter 4.

6.3 Semantic Alignment of QoS-based Web Service Speci cations
UDDI-based registries have failed as they use a structural WS description model leading to
accuracy problems in WS discovery. Semantic WS registries have been introduced for this
reason, providing semantic WS publication and discovery functionalities. For functional WS
discovery, the latter type of registries is enough. However, this is not the case for QoS-based
WS discovery.
QoS is dynamic in nature so QoS o ers will rapidly change depending mostly on their
application domain. Lease mechanisms must be used for removing or updating these QoS
o ers. In addition, as QoS o ers are associated to one WS functional speci cation, removal
of the latter must cause the removal of all its QoS o ers. Moreover, QoS o ers will not
always specify constraints on any general or domain-speci c QoS metric. For this reason,
measurements should be performed and stored. Their statistical processing will produce
constraints on missing QoS metrics. Last but not least, all QoS-based WS discovery algorithms require that each QoS o er should use at least all QoS metrics of the QoS demand.
Those QoS o ers that do not satisfy this requirement are rejected from the discovery result
list. This problem can be solved by aligning all candidate QoS o ers with the QoS demand.
The subject of this PhD thesis was to solve the last two problems by introducing a com-
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Table 6.1: OWL-Q achievements in QoS-based WS description

Research Extensible Synt/cal
Both
Ref/ment Fine- Symmetric
QoS
Constraint Classes
Approach & Formal Sep/tion
Client
of QoS Grained
Model
Attr/s Def/tion & of Service
QoS
& Service
Specs
QoS
of QoS
Model Expr/ness
Spec
Model
Spec
Spec
Spec
OWL-Q
yes
yes
yes
yes
yes
yes
excellent excellent
yes
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6.3. SEMANTIC ALIGNMENT OF QOS-BASED WEB SERVICE SPECIFICATIONS
plete alignment process for QoS-based WS speci cations that uses OWL-Q, our QoS metric
matching algorithm [KP06, KP07d] and stored measurements on WSs. This alignment process is separated into two sub-processes: global alignment and local alignment. Both of these
sub-processes will be analyzed in detail in the two following subsections. But before this
analysis, let us explain how this alignment process is exploited in our under-implementation
QoS-based WS discovery engine.
Our QoS-based WS discovery engine [KP07d] is actually a WS registry o ering its functionalities as a WS. When any QoS-based WS o er or demand is issued to our engine, the
global alignment process is executed on it in order to align it with all speci cations already
processed and stored. Then this aligned speci cation is transformed into a CSP/MIP so as
to check its consistency i.e. if it has any solutions at all. If not, then it is discarded and the
issuer is informed to change it. Otherwise it is stored in our engine. If the issued speci cation
was actually a QoS demand, then there will be some QoS o ers related to it based on the
results of a functional WS matchmaker. In this case, the local alignment process is executed
on these QoS o ers and demand so as to ensure that all QoS o ers use at least the same
set of QoS metrics with respect to the QoS demand. Then all speci cations processed by
this latter process are transformed again to CSPs/MIPS and our QoS-based WS discovery
algorithm/process is nally executed on these CSPs so as to produce the appropriate results
back to the issuer.

6.3.1 Global Alignment
The global alignment process is executed when a QoS-based WS speci cation is issued to
our QoS-based WS discovery engine. Its goal is to align it with all previous speci cations
processed by our engine by exploiting our QoS metric matching algorithm. This process
relies on the concept of the Metric Store (MS). MS is actually a storage space (inside our
engine) of all QoS metrics encountered so far. So when this new speci cation arrives, we do
not need to examine if any of its metrics matches with any metric of all previous speci cations
stored but with any metric in the MS. In this way, there is a minimization of all possible
metric-to-metric comparisons and a common terminology across all processed speci cations
is enforced. In the end, the matched QoS metrics of this new speci cation will be replaced
with the corresponding MS metrics.
Imagine MS is a forest of derivation trees. Each derivation tree contains QoS metrics
as nodes that measure the same QoS property on the same WS element/construct. The
relationship between a parent node and its child is that the parent QoS metric is produced
by the child QoS metric with the help of a function. So at the leaves of each tree will be
resource metrics that are only produced from measurement directives while all other nodes
represent composite metrics. The level of each node equals the maximum level of its children
plus one. For example, Figure 6.9 shows an AverageExecutionTime metric measuring the
QoS property of ExecutionTime on a operation of a WS and having its level equal to three.
This metric is produced by a TimeSeriesExecutionTime metric of level two. The latter
metric is produced by a RawExecutionTime resource metric of level one.
Suppose a new QoS-based WS speci cation Q is given as input to the global alignment
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Figure 6.9: Metrics measuring ExecutionTime QoS property of a speci c WS operation with
di erent levels
process. Before analyzing the algorithmic steps of execution, let us explain how OWL-Q
and the QoS metric matching algorithm equip our process. OWL-Q contains a property
named match from the QoSMetric to the same class. If a metric M is contained in MS,
then there will be a property fact match(M; M ) indicating this. If metric M2 matches with
a MS metric M1 , then there will also be a property fact match(M1 ; M2 ) indicating this.
Thus, the domain and not the range of the match property indicates the metrics that are
contained in MS. The QoS metric matching algorithm compares two QoS metrics M1 and
M2 . If these metrics match, then it adds the property fact match(M1 ; M2 ). More details
about this algorithm will be provided later on this subsection.
A sketch of the algorithm of the global alignment process with input Q is now analyzed
while it is visually explained in Figure 6.10. We start the analysis of the algorithm by
providing its pseudo-code, then we move on to explaining what it does and nally we supply
a small example of its usage.

Pseudo-code
Metric[] M = findUniqueMetrics(Q);
sort(M,'level');
for (i=1; i<=M.length; i++){
if (match(M[i],M[i])) break;
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Metric[] Mi = getAncestorMetrics(M[i],M);
sort(Mi,'level');
Tree Tk = getMSMetrics(M[i].measures,M[i].object);
Metric[] MS = Tk.getMetrics();
sort(MS,'level');

for (k=1; k<=Mi.length; k++){
if (!match(Mi[k],Mi[k])){
matched=false;
for(j=Mi[k].level-1; j<=Mi[k].level+1; j++){
do{
MS[l]=findInLevelNextMetric(MS,j);
if (MS[l] != null && match(MS[l],Mi[k])){
matched=true;
updateFormula(M[i].derivedFrom,Mi[k],MS[l]);
break;
}
}
while(MS[l] != null);
if matched break;
}
if !matched infer(match(Mi[k],Mi[k]));
}
}

matched=false;
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for(j=M[i].level-1; j<=M[i].level+1; j++){
do{
MS[l] = findInLevelNextMetric(MS,j);
if (MS[l] != null && match(MS[l],M[i])){
matched=true;
updateSpec(Q,M[i],MS[l]);
break;
}
}
while (MS[l] != null);
if matched break;
}
if !matched infer(match(M[i],M[i]));
}

Explanation Let us explain the symbols that appear in the pseudo-code: M is a metric
array, findUniqueMetrics is a function returning all metrics that are contained in a QoS
speci cation Q, sort is a function that sorts a metric array by the level of its metrics
(from smallest to biggest), match is a function that calls the metric matching algorithm
on two metrics, getAncestorMetrics is a function that returns the ancestor metrics of a
metric excluding the ones that are contained in a metric array given as a second input,
getMSMetrics is a function returning a derivation MS metrics tree where each metric
measures a speci c QoS property on a speci c WS element, getMetrics is a function that
returns a metric array from a derivation tree, findInLevelNextMetric is a function that
nds the next metric of a speci c level of a metric array, updateF ormula is a function that
updates a derivation formula of a metric by substituting one metric with another one, infer
adds a fact in the semantic database, and updateSpec is a function that updates a QoS
speci cation by replacing one metric with another one.
Now we are going to explain what the algorithm does. For each QoS metric Mi of Q
of level y that appears in the constraints of Q, from the lowest level until the upmost, do
the following: Find if Mi is already in MS by asking if the property fact match(Mi ; Mi ) is
present. If yes, then go to the next metric of Q. Otherwise, nd the corresponding derivation
tree T k in MS containing metrics MSl measuring the same QoS property on the same WS
element as Mi . For each ancestor metric Mik of Mi (which is not already present in Q's
constraints), from the lowest level to the upmost, that has level x nd if it is in MS by
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Figure 6.10: Sketch of the Global Alignment process
asking if the property fact match(Mik ; Mik ) is present. If yes go to the next ancestor metric
of Mi . Otherwise, compare Mik with those metrics MSl in Tk that have levels x − 1, x and
x + 1 with the QoS metric matching algorithm. If a match is found between Mik and one
MSl , stop the search for this metric Mik . If no match is found at all, put Mik in MS by
adding the property fact match(Mik ; Mik ). After all ancestor metrics have been processed,
compare Mi with those metrics MSl in Tk that have levels y − 1, y and y + 1 with the
QoS metric matching algorithm. If no match is found at all, put Mi in MS by adding the
property fact match(Mi ; Mi ) and go to the next metric of Q. Otherwise, if a match is found
between Mi and one MSl stop the search for Mi and make two alignment actions in Q: a)
change all references of Mi to MSl ; b) perform a scale-to-scale transformation function from
the scale of MSl to the scale of Mi on all variables previously bound to Mi that appear in
Q's constraints.

Example For example, suppose that MS is initially empty and that a speci cation S1
containing constraints on the previously referenced AverageExecutionTime metric is issued.
The aforementioned alignment algorithm would rst add the resource metric RawExecu112
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tionTime to the MS, then the composite metric TimeSeriesExecutionTime and nally the
AverageExecutionTime metric. So S1 is not actually a ected. Further, suppose that the
AverageExecutionTime QoS metric has as scale MinutesDuration and value type the real set
[0:0; 2:0]. Finally, suppose that a new speci cation S2 is issued that contains the constraint
X >= 100, where X is bound to a new metric AvgExecTime that has as scale SecondsDuration and value type the integer set [1; 120]. This new metric is also derived from the
TimeSeriesExecutionTime metric. When the alignment algorithm executes on S2 , it will
nd out that the ancestor metrics of AvgExecTime are already contained in MS. Then, it
will discover that there is a match between AverageExecutionTime and AvgExecTime. So it
will rebind X to the AverageExecutionTime metric and will transform the S2 's constraint
to the constraint 60 · X >= 100.

QoS Metric Matching Algorithm
It must be stressed out that inferring the semantic equivalence of QoS metrics is essential
for three main reasons: a) People tend to have di erent perception of the same concept;
b) Di erent types of system readings can be available for the same QoS metric; c) two
mathematical expressions for producing the values of QoS metrics can be equivalent and
thus these QoS metrics should be equivalent. For example, equivalent response time metrics
could be associated to di erent scales and to di erent value types. This could happen not
only in di erent but also in the same QoS speci cation if this speci cation is edited by
di erent people. As another example, a DownTime metric can be either obtained in the
form of high-level reading from a system with advanced instrumentation or can be derived
from a resource metric of a system's Status obtained from low-level reading of systems with
basic instrumentation. As a nal example, suppose that one QoS metric A1 is produced
from metric B1 and B2 by the mathematical expression: A1 = B1B+1B2 and another QoS
metric A2 is produced by the expression: A2 = 1 − B1B+2B2 . It is very easy to see that these
two QoS metrics A1 and A2 should be equivalent as they are produced by the same QoS
metrics used in two di erent but equivalent mathematical expressions.
Based on the above reasons, we have developed [KP06] and updated [KP07d] a semantic
QoS metric matching algorithm that infers the equivalence of two QoS metric descriptions
de ned in OWL-Q. Of course, our algorithm is quite general and another ontology formalism
can be used if there is an appropriate mapping of concepts. This algorithm is composed of
three main rules, each corresponding to a di erent case in a two metrics comparison. The last
rule { used in composite-to-composite metric matching { reaches the nal point of either a)
simplifying the di erence of two derivation mathematical expressions by using mathematical
engines like Matlab3 in order to see if it equals zero or b) solving a CSP which contains the
following constraint: |expr1 − expr2 | > threshold, where |x| is a function calculating the
absolute value of x, expr1 and expr2 are the two derivation mathematical expression of
the two composite QoS metrics respectively and threshold is a user supplied limit ranging
between [10−1 ; 10−12 ]. In the rst case, symbolic computation techniques are used in order
3 www.mathworks.com
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to see if the two mathematical metric derivation expressions are equivalent. In the second
case, the user does not care if the mathematical derivation expressions are equivalent but
if they can produce very close values. So if the CSP is solved, this means that a pair of
values from these two expressions was found that is very distant i.e. it does not satisfy
the requirements of the user so the two composite metrics are di erent. Of course, both of
these techniques can be used in parallel so that we can have the quickest possible solution,
especially if the mathematical and CSP engines are hosted on a di erent computer.
It must be noted that based on the global alignment process and the way this process is
performed, recursiveness is eliminated from the last two of three main rules. In addition, the
second rule was reduced to the rst one, so we now actually have two main rules. The rst
rule now compares resource-to-resource and resource-to-composite metrics. This rule just
checks if the scale and value types of the two metrics are compatible. Compatibility of scales
is easily inferred by a reasoner from the OWL-Q compatible property. Please note that it is
assumed that compatible property facts are already feeded into OWL-Q speci cations from
domain modelers before metric matching. If the scales are compatible, then we transform
one value type into the other one. Next, we check if the percentage of common values of
the two types with respect to the size of the biggest value type is greater than a threshold
provided by the user. If yes, then the match of the two metrics is inferred.
At the second rule, the rst thing to be checked is scale and value type compatibility.
Then matching of derivative metrics of the two compared QoS metrics is performed. This
matching o ered as a logical procedure, as the matches have already been computed by
the code of the \global alignment" algorithm, will just check if the corresponding match
facts have been produced. For each pair of matched derivative metrics, the corresponding derivation formulas of the two compared formulas are updated to include the same
variable. More speci cally, suppose that all possible matches between the metrics { from
which our two compared metrics are derived { have been inferred. Then, from the derivation lists M1 :derivedF rom and M2 :derivedF rom of the compared metrics M1 and M2 and
their corresponding measurement formulas M1 :measuredBy and M2 :measuredBy, a CSP
or simpli cation is produced by the following transformation:
1. ∀Mi ∈ M1 :derivedF rom 6∈ M2 :derivedF rom map Mi to CSP/symbolic variable Xi;1
and assign the value type of Mi to the value domain of this variable (the latter only
for the CSP)
2. ∀Mj ∈ M2 :derivedF rom 6∈ M1 :derivedF rom map Mj to CSP/symbolic variable Xj;2
and assign the value type of Mj to the value domain of this variable (the latter only
for the CSP)
3. ∀Mk ∈ M1 :derivedF rom ∩ M2 :derivedF rom map Mk to CSP/symbolic variable Xk;12
and assign the value type of Mk to the value domain of this variable (the latter only
for the CSP)
4. Add the CSP constraint |f (Xi;1 ; Xk;12 ) − g (Xj;2 ; Xk;12 )| > 10−8 to the CSP, where
f = M1 :measuredBy, g = M2 :measuredBy, or ask the mathematical engine if
simplify (f (Xi;1 ; Xk;12 ) − g (Xj;2 ; Xk;12 )) == 0.
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Finally, when all variables of the two compared metrics are checked, the symbolic calculation
or CSP solving technique is used on the derivation formulas in order to nally infer if the
compared metrics are equivalent. In the sequel, the two main rules are going to be presented
in a formal form and a small example of the application of the second rule will be provided
(please notice that we use the CSP technique for the second rule).
match (M1 ; M2 ) ⇐ rrcm (M1 ; M2 ) ∨ ccm (M1 ; M2 )
sm (M1 ; M2 ) ⇐ svm (M1 :scale; M2 :scale; M1 :type; M2 :type)
∧ M1 :object = M2 :object ∧ M1 :measures = M2 :measures
rrcm (M1 ; M2 ) ⇐ RM (M1 ) ∧ RCM (M2 ) ∧ sm (M1 ; M2 )
ccm (M1 ; M2 ) ⇐ CM (M1 ) ∧ CM (M2 ) ∧ sm (M1 ; M2 )
∧ msm (M1 :derivedF rom; M2 :derivedF rom)
∧ ¬solveCSP (M1 :derivedF rom; M2 :derivedF rom;
|M1 :measuredBy − M2 :measuredBy | > 10−8 )

(6.1)
(6.2)
(6.3)

(6.4)

Let us explain in detail the notation used: M1 and M2 are Metrics, RM (M ) and CM (M )
are rules inferring if metric M is resource and composite respectively, RCM (M ) is a rule
inferring if metric M is resource or composite, svm (M1 :scale; M2 :scale; M1 :type; M2 :type)
is a rule that infers if the scales and value types of metrics M1 and M2 are compatible,
msm (M1 :derivedF rom; M2 :derivedF rom) is a logical procedure that matches one by one
the M1 's list of derivative metrics with the corresponding metrics list of M2 and transforms
the matching pairs in the same variables at the compared metrics derivation formulas, and
solveCSP (List1 ; List2 ; constraint) is a logic procedure that solves the CSP de ned by the
two rst metric lists and the constraint given by third argument. When the latter procedure
nds a solution, it returns true, otherwise it returns false.

Example Assume that a WS provider de nes composite metric Avail1 that measures

the QoS Property of Availability of his WS and is derived from two Resource metrics
Downtime1 and Uptime1 based on the formula: 1 − Donwtime1 =(Downtime1 + Uptime1 ).
In addition, assume that a WS requester de nes composite metric Avail2 that also measures
the QoS Property of Availability and is derived from two Composite metrics Downtime2
and Uptime2 based on the formula: Uptime2 =(Uptime2 + Downtime2 ). Further assume
that all metrics have as value type the interval [0:0; 1:0] and that the two compared metrics
use the same unit. Finally, assume that the following matches are true: match(Downtime1 ;
Downtime2 ), match(Uptime1 ; Uptime2 ) and that all previous clauses of the third main rule
are satis ed. We want to see if composite metrics Avail1 and Avail2 are matched based on
the satis ability of the last clause of the rule. Based on the aforementioned transformation
procedure, a CSP is created and solved that has the following de nitions: D; U :: [0:0; 1:0]
and constraints: |1 − D=(D + U ) − U=(U + D)| > 10−8 . This CSP is unsatis able so the
last clause is satis able and nally the fact match (Avail1 ; Avail2 ) is inferred.
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6.3.2 Local Alignment
It can be argued that the global alignment process is not actually needed if all QoS speci cations use QoS metrics from the same ontology. This is in part true but only if there is one
to one correspondence between the metric ontology developed by the domain expert and
the application domain itself. To be more speci c, this is the case where there is only one
metric ontology for each application domain and another one for the domain independent
QoS metrics. However, the necessity of the local alignment process is undebatable as its
execution dramatically improves the accuracy of the QoS-based WS discovery algorithms.
The local alignment process takes as input a set O of several QoS o ers Oi and one QoS
demand D. Its goal is to align all QoS o ers in such a way that the number of the demand's
QoS metrics that are not referenced by any QoS o er is minimized. The alignment is made
locally to the QoS o ers (that's why we have given this name to this process). This means
that the altered QoS o ers are not stored back to the discovery engine but they are just
returned as output from this process (and then as input to the matchmaking process).
The main idea of this process is the following. Suppose we want to align QoS o er Oi
with the QoS demand D. Further, suppose that M is a list of all QoS metrics Mj in Oi .
Some of these metrics will be the same with some of the metrics of D. In addition, suppose
that N is a list of QoS metrics Nk in D that is disjoint with the list M . Our goal is to alter
Oi so as to add and express constraints on every metric Nk in this spec with the help of
some of the metrics in M . To the best of our knowledge, there are three strategies that we
can adopt.

Mathematical Derivation Strategy
This strategy is actually decomposed into two alternative sub-strategies. The rst substrategy is quite simple. Every QoS-based WS speci cation is expressed with constraints only
on resource metrics. For example, suppose there is a composite metric A that is derived from
resource metric B by the expression f (x), where x is bound to B . Then every speci cation
containing A will replace it with B and every constraint of this speci cation referencing variables bound to A will replace them with f (x). It is easy to comprehend what happens to composite metrics of level greater than two. As another (more concrete example), suppose that
a QoS-based speci cation has the constraint AvgRespT ime <= 10, where AvgRespT ime is
a QoS metric measuring the average response time of a WS's operation. Further, suppose
that AvgRespT ime is computed by applying the avg function on a metric T SRespT ime
(Time series of response time values) which in turn is produced by applying the tsConstruct
function (builds a time series) on a resource metric RespT ime measuring the operation's response time. In this case and according to this sub-strategy, the QoS-based speci cation will
replace all references to AvgRespT ime with the expression avg(tsConstruct(RespT ime))
(that is with a di erent and resource metric) so the AvgRespT ime <= 10 constraint will
be replaced with the new one avg(tsConstruct(RespT ime)) <= 10 in the processed specication.
The pseudo-code for this sub-strategy follows:
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Metric[] M = findCompositeMetrics(Q);
for (i=1; i<=M.length; i++){
Metric[] R = getResource(M[i]);
String expr = exprWithResource(M[i].derived);
updateSpec(Q,M[i],R,expr);
}

where findCompositeMetrics is a function that returns the composite metrics that are
contained in the constraints of a speci cation, getResource is a function that returns
the direct and indirect resource metrics from which a composite metric is derived from,
exprW ithResource is a function that returns the expression with which a composite metric
is derived from its direct and indirect resource metrics, and updateSpec is a function that
updates a QoS speci cation a) by removing a composite metric de nition and substituting it
with the de nition of its direct and indirect resource metrics (if they are not already de ned
in the speci cation) and b) by replacing the reference of this metric in the constraints of the
speci cation with the expression containing the derivation formula of the composite metric
containing only references to its direct and indirect resource metrics.
Although this strategy is simple, quickly enforced and may produce speci cations with
lower number of QoS metrics, it may lead to non-linear constraints on metrics if non-linear
derivation formulas for composite metrics are present. This is bad for the eciency of the
discovery engine as solving non-linear CSPs takes signi catively more time with respect to
linear CSPs (or even better to linear MIPs).
The second sub-strategy tries to nd patterns in the derivation trees. It scans for the
following three cases with decreasing order of preference:
1. A metric Mi in M has one or more Nk ancestor metrics in its derivation tree. For
example, suppose Mi is produced from metrics L1 and Nk by the expression f (x; y),
where x is bound to L1 and y to Nk . Spec Oi will be altered as follows: If Mi is a
common metric of Oi and D, then we just add the constraint z = f (x; y), where z
is bound to Mi , x to L1 and y to Nk . Otherwise, we update Oi 's constraints having
variables bound to Mi by replacing these variables with the expression f (x; y). In all
instances, Nk is erased from N . The big question here is the status of the L1 metric
because we want to restrict the value domain of Nk as it is already constrained in
D. It would be nice if L1 is already contained in the M list. In this way, Oi would
contain constraints on L1 and in combinations of L1 and Nk , so Nk would get further
restricted. But if L1 is not contained in M , then we either hope that it has a restrictive
value type or we add it to Nk . The last option would surely increase the execution
time of the local alignment process. As another more concrete example, suppose Mi
is AvgServiceLatency and Nk is AvgExecutionT ime. In addition, suppose we have
that: Mi = Nk + L1 , where L1 is AvgServiceQueueDelay, from the de nition of Mi .
Finally, suppose that Mi is not common between Oi and D. In this case, we will
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Case Specs
1.1
1.2

Oi
D
Oi
D
Oi
D
Oi
D

Before
After
Condition
Case 1
Nk in ancestors of Mi
Mi > 10
Mi > 10; Mi = f (Nk ; L1 )
Mi contained in D (before)
Nk > 5; Mi > 10
Nk > 5; Mi > 10
L1 may be added in N (after)
Mi > 10
f (Nk ; L1 ) > 10
Mi not contained in D (before)
Nk > 5
Nk > 5
L1 may be added in N (after)
Case 2
Mi and Nk have common ancestor
Mi > 10
Mi > 10; Mi = f (L1 )
When matchmaking
Nk > 5
Nk > 5; Nk = g (L1 )
Oi with D must ignore Nk
Case 3
Mi is ancestor of Nk
Mi > 10
Mi > 10; Nk = f (Mi ; L1 )
L1 may be added in N
Nk > 5
Nk > 5

Table 6.2: The three cases of the second sub-strategy of the Mathematical Derivation strategy
replace every occurrence of Mi in the constraints of Oi with Nk + L1 , we will remove
Nk from N and we will hope that L1 has a restrictive value type.
2. Metrics Mi and Nk have a common ancestor. For instance, recall an example from
a previous subsection and suppose that Mi is AverageExecutionTime produced by
TimeSeriesExecutionTime with the expression avg(x) and that Nk is MaxExecutionTime produced from TimeSeriesExecutionTime with the expression max(x), where
x is bound to TimeSeriesExecutionTime. Then we update both Oi and D specs by
adding the constraints Mi = avg(x) and Nk = max(x), respectively. Notice that we alter D by not removing a metric reference but by adding a new one. So we just increase
the solution space of D. In addition, we comment on Oi that when it is matched with
D, then the Nk metric must be ignored. Finally, we remove Nk (MaxExecutionTime )
from N .
3. Mi is ancestor of Nk . For example, suppose Nk is produced from L1 and Mi with the
expression f (x; y), where x is bound to L1 and y to Mi . Then we update Oi by adding
the constraint z = f (x; y), where z is bound to Nk , x to L1 and y to Mi . We also
remove Nk from N . The problem here is again the status of L1 . If L1 is in M , then Oi
contains constraints on L1 and Mi so these constraints are propagated to the values of
the added Nk metric. But if L1 is not contained in M , then we either hope that it has
a restrictive value type or we add it in the N list. As a more concrete example, suppose
that Mi is AvgServiceLatency, Nk is AvgRespT ime, and Nk = Mi + L1 , where L1 is
AvgNetworkLatency. In this case, we will add to Oi the constraint Nk = Mi + L1 ,
we will remove Nk from N and we will add L1 to N .
Table 6.2 summarizes the three cases of the second sub-strategy of the Mathematical
Derivation strategy. This table rstly explains the main conditions for entering each case,
then it shows how the QoS specs Oi and D are a ected by displaying their content before
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and after the application of each case and nally what are the other conditions that hold
after the application of each case. If for each case there are also subcases, then we explicate
for each subcase (and not for the whole case) how the specs are altered and what conditions
hold before and after the subcase.
The pseudo-code for this sub-strategy follows:
Metric[] M = findMetrics(Oi);
Metric[] N = minus(findMetrics(D),M);

Time t1=now();
while (notEmpty(N) && now()-t1<=limit){
Nk=N[1];
for(i=1; i<=M.length; i++){
if inAncestorsOf(Nk,M[i]){
if containedIn(M[i],D) addIn(M[i]=f(Nk,L1),Oi);
else replaceIn(M[i],f(Nk,L1),Oi);
removeFrom(Nk,N);
addTo(L1,N);
break;
}
else if commonAncestors(Nk,M[i]){
addIn(M[i]=f(L1),Oi);
addIn(Nk=g(L1),D);
removeFrom(Nk,N);
addTo(L1,N);
break;
}
else if inAncestorsOf(M[i],Nk){
addIn(Nk=f(M[i],L1),Oi);
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removeFrom(Nk,N);
addTo(L1,N);
break;
}
}
}

where findMetrics is a function that returns the metrics referenced by the constraints of
a QoS speci cation, minus is a function that subtracts one metric array from another one,
now is a function that returns the current timestamp, notEmpty is a function that returns
true if a metric array is not empty and false otherwise, inAncestorsOf is a function that
returns true if a metric is in the ancestors of another metric, containedIn is a function
that returns true if a metric is contained in a QoS speci cation, addIn is a function that
adds a constraint in a QoS speci cation, replaceIn is a function that replaces all metric
references with a speci c expression in a QoS speci cation, removeF rom is a function that
removes a metric from an array, addT o is a function that adds a metric to an array, and
commonAncestors is a function that returns true if two metrics have a common ancestor
or false otherwise.
The second sub-strategy is better than the rst one as it adds none or fewer non-linear
constraints. However, this advantage is annihilated by the fact that two out of three cases
of this sub-strategy do not exactly achieve their goal as they remove one metric from N and
may add another one. So the execution time of this sub-strategy can be better but also can
be even worse than that of the rst sub-strategy. In addition, it must be stated that both
sub-strategies fail if there is any metric Nk in N that has a derivation tree disjointed with all
the derivation trees of the metrics in M . This problem can be solved by the next strategy.

Statistical Strategy
If measurements on metrics for a WS are stored in a discovery engine, then the WS's QoS
o er can be produced dynamically from the required QoS metrics of the QoS demand. More
speci cally, if there are measurements on speci c resource metrics for a WS, where these
metrics are actually the leaves of the derivation tree of a required composite metric, then we
can actually build up the whole derivation tree and also create constraints on the values of
all of its nodes, including the composite metric. Statistical processing is used for this reason.
In addition, temporal database techniques are required for producing values/measurements
on metrics for speci c time periods or time instances where these measurements are not
available.
To go on one step further, WS providers usually provide di erent QoS for their WSs to
di erent classes of consumers. So we can associate each measurement to a class of consumer.
In this way, we can relate a QoS demand to a speci c class of consumer (e.g. by checking
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the constraints on the `price` metric or if the requester was a previous good customer) and
dynamically produce a speci c QoS o er for each WS that functionally satis es the WS
request.
This strategy is very good if QoS o ers can be constructed that contain constraints on all
the QoS metrics of the QoS demand. Its advantage is that dynamic QoS o ers constructed
contain only unary constraints on metrics. In this way, linear o er CSPs are constructed
so QoS-based WS discovery takes signi cantly less time even if the QoS demand contains
some non-linear constraints on metrics. However, this strategy has two main disadvantages.
The rst one is that measurements can not always be produced on all metrics and require
e ort not only from WS providers but also from third-party monitoring applications and
WS requesters that execute these WSs. The second one is that malicious users can take
advantage of this strategy. They can issue many QoS demands with di erent QoS metrics
and constraints each time in order to predict the complete performance behavior of o ered
WSs. As a result, they can make more focused Denial of Service (DoS) attacks to WSs.

Mixed Strategy
In our opinion, a combination of the previous techniques is the best strategy for local alignment and this is what we are trying to implement in our discovery engine. To be more
speci c, the best choice is to rst use the second sub-strategy of the mathematical derivation strategy in order to minimize the N metrics list for each o er Oi (with a time limit
for each o er if we have metrics added to N at execution) and then to use the statistical
strategy in order to produce constraints on the remaining Nk metrics in each Oi o er. The
next paragraph outlines a pseudo-code of our proposed best choice for mixing strategies.
Of course, the reverse combination of the above strategies could be a serious alternative.
Another but not very preferable alternative would be to use the rst sub-strategy of the
mathematical derivation strategy in order to produce constraints only on resource metrics
in all Oi and D specs and then to use the statistical strategy if there are resource metrics
of the demand that are not constrained in some Oi o ers.
The pseudo-code of our proposed mixed strategy is:
N=callMathPattern(Oi,D,timeLimit);
if notEmpty(N){
N=statDeriv(N);
}

where callMathP attern is a function calling the Mathematical pattern strategy on a QoS
o er and demand with a time limit and statDeriv is a function calling the statistical derivation strategy on a metric array.
Of course this mixed strategy may have better results than the other strategies but it
increases the execution time of the local alignment process. In addition, nothing ensures us
that the nal goal of perfectly aligning the QoS o ers will be achieved.
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6.3.3 Discussion
In this section we have presented a complete alignment process of QoS-based WS speci cations. As it can be understood, this alignment process may not be needed if all speci cations
use the same set of metrics. However, reality has shown that this is not the case as people tend to understand in a di erent way the same concepts and usually write di erent
mathematical expressions to express the same computations.
Another point that must be made is that the success of the alignment process depends
on the (semantic) knowledge that is described and on the available measurements of QoS
metrics. If some information is missing, then it is most probable that some matches between
QoS metrics may never be inferred by a rule engine. However, it is obvious that this
alignment process does its best to increase the accuracy of the QoS-based WS matchmaking
process by inferring the equivalent QoS metrics of two QoS-based WS speci cations based
on the available knowledge and measurement values.

6.4 QoS-based Web Service Discovery
As the QoS-based WS discovery process is separated into two sequential sub-processes: WS
matchmaking and selection, our goal was to contribute to these two sub-processes in our
thesis. This goal was achieved and in the next two subsections we are going to analyze
theoretically the QoS-based WS matchmaking and selection algorithms that we propose.

6.4.1 QoS-based Web Service Matchmaking
Based on the analysis of chapter 5 there are two main categories of approaches in QoSbased WS matchmaking: ontology-based [ZCL04, OVSH06, GZ07] and CP-based [DSL04,
CMDTT05] ones. As it was explained, the ontology-based category of approaches has all
the potentials to be more accurate as it can exploit a QoS metric matching algorithm
but has performance problems. In addition, the research approaches adopting it cannot
express more complex constraints like \if A then B ", where A and B can be complex
or simple constraints. On the contrary, the other category presents better performance
and exploits better expressivity concerning constraint speci cation but the two research
approaches adopting it are purely syntactic (so they have low accuracy) and do not use
appropriate/correct matchmaking metrics. For the above reasons, we chose to extend the
second category of approaches as it is more promising and we did not want to use a pure
ontological approach that su ers from performance problems. Thus, our approach is a
mixture of the main categories of approaches: alignment is performed on semantic QoSbased WS speci cations and then the altered speci cations are transformed to constraint
(optimization) problems to be solved. To the best of our knowledge, none research approach
has adopted a hybrid approach in QoS-based WS matchmaking and this fact makes our
approach unique and original.
Before extending and proposing our QoS-based WS matchmaking algorithms, we made
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a small survey of what exactly solving technique to use for solving constraints. Our survey
was motivated by the fact that the CP technique does not have great performance when the
constraint model (i.e speci cation) to be solved contains local linear constraints and realvalued variables. This ineciency of the CP technique lead us to MP and more speci cally to
MIP. The MIP technique presents great performance for local linear constraints and for both
integer-based and real-valued-based variables of constraint models. Thus, our rst proposal
was that the MIP technique must be used when only (local) linear constraints are present
in constraint models. However, when also global linear or (global and/or local) non-linear
constraints are present, then the CP technique must be used for solving. Our proposal was
experimentally evaluated and the results are analyzed in chapter 7. The results con rmed
our assumptions.
Based on the latter proposal and on the fact that we had already de ned an alignment
algorithm for QoS-based WS speci cations, our next step was to choose an appropriate
matchmaking metric in order not to destroy the increase of the precision o ered in advance by
the alignment algorithm. We started our new survey by inspecting the matchmaking metrics
o ered by the two research approaches of the CP-based category. The rst approach [DSL04]
uses a simple matchmaking metric: A QoS o er O matches a QoS demand D if and only if
O has common values in all QoS metrics used by D with D. This matchmaking metric is
wrong as it includes in its results QoS o ers that may perform worse i.e. promise lower and
equal quality values (for one or more QoS metrics) with respect to the ones requested by
the QoS demand (for the same set of QoS metrics). Thus, the approach of [DSL04] surely
presents low precision as it includes \positive negatives" in the result set [DMR02]. In
addition, this approach presents low recall as it excludes from the result set those QoS o ers
that perform also better (for all QoS metrics) than the performance expected from the QoS
o er (\negative positives" e ect). Thus, this approach uses a totally faulty matchmaking
metric.
The approach of Cortes et. al. [CMDTT05] proposes the matchmaking metric of conformance which is expressed by the following equivalence:
¡

¢

conformance (Oi ; D) ⇔ s Pi ∧ ¬P D = f

(6.5)

where s is a procedure returning true if the input Constraint Satisfaction Problem (CSP)
[VHS96] is satis able or false otherwise, and f=false. To explain, an o er Oi matches a
demand D when there is no solution to the o er's CSP Pi that is not part of the solution set
of the demand's CSP P D . In other words, the o er Oi matches demand D if it promises some
of the values of all QoS metrics that are expected by this demand. This matchmaking metric
is a little faulty as it excludes from the result set QoS o ers that provide better and/or equal
solutions with respect to the solutions of the demand. For example, suppose that provider
and requester use the same metric X , measuring the QoS Property of Availability, that
has as value type the set (0:0; 1:0). Further assume that the WS provider's CSP has the
constraint: X ≥ 0:96 while the WS requester's CSP has the constraint: 0:95 ≤ X ≤ 0:999.
Based on the metric of conformance, the provider's o er does not match the request as it
contains solutions greater than that of the request's, although these solutions are better. As
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accuracy is measured based on the metrics of precision and recall [DMR02], this approach
has perfect precision (equal to 1.0) but recall less than 1.0 as it su ers from the false negatives
e ect.
Of course, better solutions are not always welcome by the WS requester for some QoS
metrics and in speci c application domains. For example, for a metric measuring refresh
time both constraints of the WS requester must be respected especially when this user
has a device not able to process the WS's output more quickly. For the above reason, we
have introduced the notions of \sensitive" and \insensitive" QoS metrics. A QoS metric is
\sensitive" when both its worse and better values (w.r.t the ones requested) have an impact
on the WS requester and his application/system. Thus, both WS requester's bounds on
a \sensitive" QoS metric must be respected. Examples of \sensitive" metrics are the ones
measuring refresh time and throughput. On the other hand, \insensitive" QoS metrics are
metrics whose \better" values (w.r.t the ones requested) are welcome by the WS requester.
Examples of \insensitive" metrics are the ones measuring response time and availability.
Based on the previous analysis, we have proposed the following matchmaking metric:
an o er Oi matches a demand D when its CSP Pi has solutions that are either contained
in the solution set of the demand's CSP P D or are `better' than the demand's solutions
but the latter condition should be taken into account only for speci c QoS metrics. We
call this matchmaking metric conditional conformance. In other words, when matchmaking,
we should respect all constraints of the WS requester for \sensitive" QoS metrics and only
the ones restricting lower quality values for \insensitive" QoS metrics. A `better solution'
contains a value for a metric that is `better' than all the values of this metric in the demand's
solutions. For unary constraints of arithmetic \insensitive" metrics, `better' is translated
to `greater than' for positively monotonic metrics (e.g. Availability) or to `less than' for
negatively monotonic metrics (e.g. Response Time) while `worse' is translated to `less than'
or `greater than' respectively. Of course, if we use the MIP technique we do not solve CSP
problems but MIPP problems.
Continuing the example of the previous paragraph, we search for those constraints of
the QoS demand whose negation `scans' the worse solutions of the QoS o er. The object of
research is the constraint 0:95 ≤ X while its negation is the constraint 0:95 > X . Observe
that if we try to solve the CSP containing the constraint 0:95 > X and the constraint of the
QoS o er X ≥ 0:96, we get no solution. So `worse' solutions are not found. Conversely, the
negation of the constraint X ≤ 0:999 searches for better solutions than that of the demand's.
Thus, for positively monotonic metrics X like the one of the example, we are interested in
QoS demand's unary constraints of the form: a ≤ X , as the negation of these constraints
scans for worse solutions of the QoS o er under consideration. Symmetrically, for negatively
monotonic metrics X , the demand's `interesting' constraints have the following form: X ≤ b.
Even if our conditional conformance matchmaking metric is used to implement a MIP
or CP algorithm that will exploit perfect accuracy, there are still two problems that must be
corrected: a) our algorithm should not only return matched and failed QoS o ers but should
provide an advanced categorization of results, and b) when over-constrained QoS demands
are issued, meaningful results should be presented to the user. Taking into account these
two problems to be solved and our new metric, our e ort was now concentrated on devising
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and implementing QoS-based WS matchmaking algorithms exploiting the CP and MIP
techniques individually. The next two sub-subsections unveil the algorithms that we have
devised exploiting the MIP and CP techniques respectively.
Before continuing, it must be noted that additionally to the CP/MIP algorithms we
propose for implementing the conformance matchmaking metric, one could easily implement
two di erent approaches. The rst approach is the naive one where rstly all the solutions of
the o er are found and then checked if they are also solutions of the demand. This approach
may scale well only for small solutions spaces. So, it is not general and not suitable for
large solution spaces. The second approach relies on the next sub-subsection analysis of
the conformance equivalence. Based on this analysis, the conformance of an o er Oi to a
demand D is transformed to checking of the following expression:
¡¡

¢

¡

¢

¡

O
D
O
D
s PiO ∧ ¬cD
1 ∨ Pi ∧ ¬c2 ∨ · · · ∨ Pi ∧ ¬cZ

¢¢

= false

where PiO is the CSP/MIP of the o er and cj are the constraints of the demand while s is
a satis ability checking procedure (i.e. solving procedure). So this second approach tries
to check if this expression, that contains disjunctive constraints, is true. Unfortunately,
this approach has the disadvantage that disjunctive constraints do not propagate at all well
in CP/MIP solvers. Thus, for the above reasons we decided not to further investigate,
implement and experimentally evaluate these two alternative approaches.

MIP Algorithms
The main problem we had to confront before devising our new algorithms was how to
translate the conditional conformance matchmaking metric into a formalism that could be
exploited by MIP algorithms as in its current form is more suitable for CP algorithms because
it uses negation. Fortunately, by mathematically analyzing the conformance expressionequivalence (6.5) and by assuming that the QoS demand is expressed by conjunctions of Z
constraints, we obtain:
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⇔ s PiO ∧ ¬cD
1 = f ∧ s Pi ∧ ¬c2 = f ∧ : : :
¡ ¡
¢
¢
∧ s PiO ∧ ¬cD
Z =f

So the conformance of o er Oi to demand D is translated into checking if all of the CSPs{
D
constructed by o er's CSP PiO and the negation ¬cD
j of a demand's constraint cj { are
unsatis able. If any of the CSPs is satis able then o er Oi does not match with the demand
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D. As satis ability has the same meaning as feasibility and unary CSPs can be easily
transformed to MIPPs, then we can translate conformance of o er Oi to demand D to
checking if all of the MIPPs{ constructed by o er's MIPP PiO and the negation ¬cD
j of a
demand's constraint cD
{
are
infeasible.
Thus,
we
have
that:
j
¡

¡

¢

¢

conformance (Oi ; D) ⇔ fe PiO ∧ ¬cD
1 =f ∧
¡ ¡ O
¢
¢
¡ ¡ O
¢
¢
D
∧ fe Pi ∧ ¬c2 = f ∧ · · · ∧ fe Pi ∧ ¬cD
Z =f

where fe is a feasibility checking procedure of a MIPP executed by a MIP engine (MIPE).
Thus, we have successfully translated the CP-based approach of conformance to a MIP-based
approach.
Based on the above analysis, our conditional conformance matchmaking metric can be
expressed as: Conformance of a QoS o er Oi and a QoS demand D is true if and only if all
MIPP problems PiO { constructed from all the constraints of the o er and the negation ¬cD
j
of an `interesting' demand's constraint cD
,
where
`interesting'
means
the
a
≤
X
demand
j
constraints for \insensitive" positively monotonic metrics, the X ≤ b demand constraints for
\insensitive" negatively monotonic metrics, and both a ≤ X and X ≤ b demand's constraints
for \sensitive" metrics{ are all infeasible. This de nition is based on the assumption that
the QoS demand not only contains a conjunction of constraints but also these constraints
are unary.
After expressing mathematically the conditional conformance matchmaking metric, we
concentrated on the algorithmic part and proposed [KP07d] and implemented [KP08d] two
di erent QoS-based WS matchmaking algorithms. The rst one applies only on QoS demands containing unary constraints (i.e. each demand's constraint has only one QoS metric
{ this is the most often case for QoS demands in reality) while the other one is more generic
and allows for n-ary constraints on QoS demands. Of course, both of the proposed algorithms handle QoS o ers with n-ary constraints. In the sequel, we are going to theoretically
analyze these algorithms based on the following factors: execution time, accuracy, advanced
categorization of results, and size of matchmaking results. In order to make the comparison
more interesting, we also compare these two algorithms with a MIP version of both the
conformance and the conditional conformance matchmaking metrics. The notation used is
explained in the next paragraph while the algorithms and their analysis is given in separate paragraphs. The experimental evaluation of these four algorithms will be analyzed in
chapter 7.

Assumptions and notation Our basic assumption is that the matchmaking scenario
contains N QoS o ers and one demand that involves a conjunctive set of unary constraints.
We also assume that these QoS speci cations have already been aligned with the QoS metric
matching algorithm and that they eventually involve the same number of QoS metrics M ,
from which K are \sensitive" and L are \insensitive". In addition, we assume that there are
only numeric (real or integer) QoS metrics. So in the worst case, there will be 2 · M unary
constraints in the QoS demand as each QoS metric will have at most two constraints (one
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restricting its upper limit and another one restricting its lower limit). Finally, we assume
that the average execution time of the MIP engine (MIPE) for solving: a) a MIP problem
(MIPP) of 2 · M + 1 constraints that involve M metrics is TM2M +1 ; b) a MIP optimization
problem (MIPOP) of 2 · M constraints and one objective that involve M metrics is T o2MM .

Algorithm of Cortes et. al. Based on the analysis of the previous subsection, confor-

mance [CMDTT05] of o er Oi to demand D is translated to checking if all of the MIPPs{
D
constructed by o er's MIPP PiO and the negation ¬cD
j of a demand's constraint cj { are
infeasible. The pseudo-code for the conformance algorithm is the following:
boolean conform(O_i,D){
for each c_j in D{
stat=solveMIP(O_i,negate(c_j));
if stat return false;
}
return true;
}

<match,fail> conform_algo(O,D){
match=[];
fail=[];
for each O_i in O{
if conform(O_i,D) add(O_i,match);
else add(O_i,fail);
}
}

where negate (cj ) is a function that negates a constraint and returns it, solveMIP (prob; c)
is a function that solves a MIPP constructed by another MIPP prob plus an additional
constraint c and returns true if the new MIPP is feasible, conform is a function that checks
the conformance of an o er Oi with the demand D, conform algo is the actual conformance
algorithm that takes as input an array of o ers O and the demand D and returns two arrays
containing the conforming and the non-conforming o ers, respectively, and add is a function
that adds an o er Oi to an array.
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In the worst case, as the QoS demand will contain 2 · M unary constraints, conformance
checking will be transformed to solving at most 2 · M MIPPs, each containing 2 · M + 1
constraints. In addition, this conformance checking will be performed N times, one time for
each of the N QoS o ers. For brevity, let
algorithm `MIPconf '.
³ us call this matchmaking
´
2M +1
Hence, Algorithm MIPconf will take O 2 · N · M · TM
time in the worst case. It is
easy to see that ³in the best case
´ this algorithm will solve just one MIPP for each QoS o er
2M +1
so it will take Ω N · TM
time. This algorithm produces two types of results: a) exact
results containing QoS o ers conforming to the QoS demand; b) fail results containing nonconforming QoS o ers. So Algorithm MIPconf does not provide advanced categorization
of matchmaking results. In addition, this algorithm will produce only fail results in case
of over-constrained QoS demands. Finally, as explained in the previous subsection, this
algorithm presents perfect recall but imperfect accuracy.

Conditional Conformance Algorithm A MIP algorithm implementing the matchmaking metric of conditional conformance, which we will call MIPcond−conf for brevity, will have
perfect accuracy. The pseudo-code for this algorithm is the following:
boolean cond-conform(O_i,D){
for each c_j in D{
Metric m = c_j.metric;
String pred = c_j.binPred;
if (sensitive(m) || ((pmon(m) && pred=='>=') || (!pmon(m) && pred=='<='))) {
stat=solveMIP(O_i,negate(c_j));
if stat return false;
}
}
return true;
}

<match,fail> cond-conform_algo(O,D){
match=[];
fail=[];
for each O_i in O{
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if cond-conform(O_i,D) add(O_i,match);
else add(O_i,fail);
}
}

where besides the previously analyzed functions (negate, solveMIP and add) we introduce
four new ones: a) pmon(m) which returns true if a metric m is positively monotonic and false
otherwise; b) sensitive(m) that returns true if a metric m is \sensitive" and false otherwise,
c) cond-conf checks the conditional conformance of an o er Oi with the demand D, and d)
cond-conform algo is actually the same function as conform algo except that it calls the
cond-conform function instead of the conform one. Moreover, for a unary constraint c the
expression c:m returns its involved metric and the expression c:binP red returns its involved
binary predicate.
Concerning matchmaking time, we have the following analysis: In the worst case, as the
QoS demand will contain 2 · M unary constraints, conformance checking will be transformed
to solving at most 2 · K + L
³ MIPPs. So the time complexity
´
³ of the matchmaking
´ Algorithm
2M +1
2M +1
MIPcond−conf will be: O N · (2 · K + L) · TM
< O 2 · N · M · TM
. In the best
³

´

case, this algorithm will solve one MIPP for every QoS o er so it will take Ω N · TM2M +1
time. Thus, in the average case (half of the worst number of problems is solved for each
QoS o er) this algorithm will perform a little better as it will solve some less MIPPs than
L . However, this algorithm still does not
the MIPconf algorithm because 2·K2+L < 2·K +2·
2
o er advanced categorization of results and does not produce results for over-constrained
QoS demands.

Unary Algorithm To enable advanced categorization of results, we had to nd o ers with

better solutions than those of the demand. So we had to solve all possible MIPPs (2 · M
in the worst case and 2 ∗ K + 1 in the best) instead of M so as to produce the following
categories of conforming o ers: a) super o ers promising at least one better solution than
the demand's; b) exact o ers containing a solution set that is a subset of the demand's
solution set. For producing exact matching results for over-constrained demands, we had
to rst split non-conforming results into two categories: a) partial results that do not
violate all `interesting' QoS demand's constraints of \insensitive" QoS metrics and all QoS
demand's constraints of \sensitive" QoS metrics; b) fail results that violate all L `interesting'
constraints of \insensitive" QoS metrics and 2 ∗ K constraints of the \sensitive" QoS metrics
of the demand.
We also had to introduce weights to the constraints where a weight of 10.0 meant that
the constraint was \hard" while a weight in (0; 1:0) meant that the constraint was \soft".
We have put a weight of 10.0 to hard constraints in order to show their signi cance with
respect to the soft constraints. In this way, we declare that a hard constraint violation costs
more than 10 soft constraints violations. A counter cn was dedicated for each o er adding
to its total the weight of the violated constraint. Then, if an over-constrained demand was
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issued, we executed a constraint relaxation task [KP07d] that promoted one or more partial
results as exact according to the cn counter. Obviously, the partial o er with the smallest
number in the cn counter was promoted.
The pseudo-code for this algorithm is the following:
<stat,weight,hards> solve_not_probs(O_i,D){
weight=0.0;
hards=0.0;
cons=0;
bcons=0;
for each c_j in D{
Metric m = c_j.metric;
String pred = c_j.binPred;
if (sensitive(m) || ((pmon(m) && pred=='>=') || (!pmon(m) && pred=='<='))) {
cond=solveMIP(O_i,negate(c_j));
if (cond) {
cons++;
if (c.weight==10.0) hards++;
weight=weight+c.weight;
}
}
else if (bcons==0 && !sensitive(m) && ((pmon(m) && pred=='<=')
|| (!pmon(m) && pred=='>='))){
cond=solveMIP(O_i,negate(c_j));
if cond bcons++;
}
}
if (cons==2*sens(D)+non_sens(D)) stat=0;
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elseif cons!=0 stat=1;
elseif bcons==0 stat=2;
else stat=3;
return <stat,weight,hards>;
}

<super,exact,partial,fail> unary(O,D){
super=[];
exact=[];
partial=[];
fail=[];
for each O_i in O{
<stat,weight,hards>=solve_not_probs(O_i,D);
switch stat{
case 0: add(O_i,fail);break;
case 1: add(<O_i,weight,hards>,partial);break;
case 2: add(O_i,exact);break;
case 3: add(O_i,super);break;
}
}
if (super==[] && exact==[]) add(promote(partial),exact);
}

where except from the same functions that were previously de ned on the previous algorithms, ve new functions are de ned: a) sens(D) returns the number of sensitive o ers
referenced at the constraints of the demand D, b) non sens(D) returns the corresponding
number of non-sensitive metrics of the demand D, c) solve not probs(Oi ; D) is a function
that calculates for an o er Oi the category that this o er should belong, the total weight
of the demand's violated constraints and the number of hard constraints of the demand
violated, d) promote(partial) is a function that ranks the contents of the array partial,

131

6.4. QOS-BASED WEB SERVICE DISCOVERY
nds the o er that has the least weight and violates the least amount of hard constraints,
removes the corresponding o er from this array and returns it, and e) unary(O; D) is the
actual algorithm that returns the four categories of results according to an o er array O and
the demand D. Finally, for a unary constraint c the expression c:weight returns the weight
of this constraint.
Let us call this algorithm MIPunary because while it can handle n-ary constraints in
QoS o ers, it works only with unary-constrained QoS demands. In the best case, Algorithm
MIPunary will solve 2 ∗ K + 1 MIPPs (K MIPPs for distinguishing between partial and
fail QoS o ers and 1 MIPP for distinguishing between exact and super QoS o ers) of M
metrics and 2 · M + 1 constraints for each QoS o er. In the³ worst case, it will solve
´ 2·M
MIPP problems of the same form. So its complexity is Ω N · (2K + 1) · TM2M +1 in the
³

´

best case and O 2 · N · M · TM2M +1 in the worst. As it can be seen, Algorithm MIPunary
is the slowest of the three algorithms already introduced. However, its main advantages is
that it presents advanced categorization of results, it has perfect accuracy and it produces
one or more exact matches for over-constrained QoS demands.

Optimization Algorithm Algorithm MIPunary solves all disadvantages of the previous

two algorithms but as we will see in chapter 7, it is very slow. So we pay a performance
penalty for being accurate and for o ering a variety of solutions to WS requesters even
if their QoS demands are over-constrained. In addition, MIPunary (and MIPcond−conf )
enforces that QoS demands should be composed of only unary constraints. For the next
algorithm, we relax precision in order to increase performance while trying to preserve all
other matchmaking advantages.
The main idea of the new algorithm is modi cation of the notion of `better' or 'worse'
that is applied to MIPP solutions. To remind, all previous algorithms check if a tuple
of a n-tuple solution of the o er is worse than all corresponding tuples of the demand.
This algorithm checks if the whole solution of the o er is worse than all the solutions of
the demand by assigning a preference or value to each MIPP solution. The technique
for assigning preferences to solutions is based on utility functions and weights on MIP
variables [CMDTT05]. Each MIP variable (a map of a metric) is given a (user) weight or
preference (taking values from the set [0.0,1.0]) to re ect the signi cance of this variable to
the preference/value of the solution. In addition, each possible value of this variable is also
given a preference (∈ [0:0; 1:0]) by the variable's utility function. The P
preference of a MIPP
solution is given by the following formula-sum on all variables Xj : ps = Xj (wXj ·ufXj (Xj )),
where wXj is the weight of the variable Xj and ufXj () is its utility function. This formula
is instantiated by any admissible value from the domain of values of the variables Xj in
order to produce any preference value. In the next subsection analyzing our QoS-based WS
selection approach, you will see that we use two types of utility functions depending on the
value monotonicity of the metric/MIP variable.
Based on the above technique, a partial ordering of all solutions of a MIPP can be inferred. This is the appropriate mean in order to de ne matchmaking: an o er's MIPP Pi
matches the MIPP P D of the demand if its worst solution has a preference of greater or equal
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value with respect to the preference of the worst solution of the demand. So our new algoD
rithm's logic is as follows: we compute the preference pD
s of the demand's MIPP P worst
sD solution by solving one MIP Optimization Problem (MIPOP) (minimization) [KP06].
For each o er's MIPP Pi , we compute the preference pis of its worst si solution in the same
manner as above. Then, we consider two cases:
1. If (pis < pD
s ), then the o er is put in the fail match list.
2. If (pis ≥ pD
s ), then the o er is put in the exact match list.
The pseudo-code for this algorithm follows:
obj getObjective(D){
obj=0;
for each Metric m in D{
obj=obj+m.weight*uf(m);
}
}

<match,fail> optimization(O,D){
match=[];
fail=[];
c=getObjective(D);
min=solveMIOP(D,c,'minimize');
for each O_i in O{
min_i=solveMIOP(O_i,c,'minimize');
if min_i>=min add(O_i,match);
else add(O_i,fail);
}
}

where function getObjective(D) creates an objective expression composed from the metrics
contained in D, m:weight is the weight of metric m and uf (m) is its utility function,
function solveMIOP (spec; obj; str) solves a MIPOP from a speci cation spec according to
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an objective obj and the type of optimization str, and optimization(O; D) is the function
implementing our algorithm that returns two categories/arrays of results.
This new algorithm, called `MIPopt ', is actually a simpler form of the algorithm proposed
in [KP07d]. In all cases, Algorithm MIPopt will solve N + 1 MIPOPs of M metrics and
2 · M¡ + 1 constraints¢ for each QoS o er and the QoS demand. Thus, its time complexity
is Θ (N + 1) · T o2MM . We expect that for unary constraints, it is the case that: T o2MM ≈
TM2M +1 , so algorithm MIPopt will be faster than all other algorithms. However, this must
be proved in the evaluation of the matchmaking algorithms provided in chapter 7.
Algorithm MIPopt does not require the QoS demand to contain only a conjunction of
unary constraints so it is more generic but provides only two types of results. However,
if we order each result based on its preference of its worst solution, then we actually have
one category for each result. So two types of categorizations are o ered. Moreover, as all
results returned are ordered, the WS selection subprocess does not need to be executed. In
addition, constraint relaxation is inherent to the optimization of MIPOPs based on linear
utility functions. In this way, some QoS o ers that violate some constraints a ecting metrics
of less signi cance of the QoS demand but also provide better values for other more important
metrics are promoted from failed matches to exact. On one hand, this feature enables the
return of matching results for over-constrained QoS demands. On the other hand, it reduces
the precision (but not the recall) of the algorithm as now more matching results are returned
with respect to the precise number of matching results.

Example To demonstrate the functionality of our two proposed QoS-based WS discovery

algorithms, we supply a simple example of their application to a small set of four QoS
o er MIPPs Pi and one demand MIPP P D . Assume that all MIPPs have the following
three de nitions: X1 :: (0:0; 86400:0] ↓, X2 :: (0; 100000] ↑ and X3 :: (0:0; 1:0) ↑, where
all variables are actually mapped to \insensitive" QoS metrics. Based on these variable
de nitions, assume that each MIPP has the following constraints: P 1 : [X1 ≤ 10:0; X2 ≤
100; X2 ≥ 50; X3 ≥ 0:9], P 2 : [X1 ≤ 4:8; X2 ≤ 50; X2 ≥ 40; X3 ≥ 0:95], P 3 : [X1 ≤
16; X2 ≤ 40; X2 ≥ 30; X3 ≥ 0:98], P 4 : [X1 ≤ 16; X2 ≤ 50; X2 ≥ 40; X3 ≥ 0:98], and
P D : [X1 ≤ 15:0; X2 ≥ 40; X2 ≤ 60; X3 ≥ 0:99]. Moreover, assume that the WS requester
does not provide weights to the constraints of his demand (so they are all considered \hard")
and associates the following weights to the three metrics/variables: X1 ← 0:3, X2 ← 0:3,
X3 ← 0:4, while a = 0:7 and b = 0:3 for the QoS-based WS selection process [KP06]. In
addition, assume that the following utility functions are applied to the MIPOPs: ufX1 =
(16 − X1 )=16, ufX2 = (X2 − 30)=70, ufX3 = (X3 − 0:9)=0:1 [KP06].
We rstly apply the MIPunary QoS-based WS matchmaking algorithm. This algorithm
initially produces the following four results lists: Super = [ ], Exact = [ ], P artial =
[(O1 ; P1 ; 10:0); (O2 ; P2 ; 10:0); (O4 ; P4 ; 20:0)], F ail = [(O3 ; P3 )], as o ers O1 and O2 violate
only one constraint, o er O4 violates two and o er O3 violates all \interesting" constraints.
Then it sorts the partial list based on the third argument of each entry and produces the
following two lists: Exact∗ = [(O1 ; P1 ); (O2 ; P2O )] and P artial = [O4 ; P O4 ]. Finally, the
selection process (which is called in order to sort the two entries of the best category of
results) solves two MIPOPs for each of the rst two o ers, produces one score for each:
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Spec
Constraints
MIPunary MIPopt
P1 X1 ≤ 10:0, X2 ≤ 100,
exact
partial
X2 ≥ 50; X3 ≥ 0:9
P2
X1 ≤ 4:8, X2 ≤ 50,
exact
exact
X2 ≥ 40; X3 ≥ 0:95
P3
X1 ≤ 16, X2 ≤ 40,
fail
partial
X2 ≥ 30; X3 ≥ 0:98
P4
X1 ≤ 16, X2 ≤ 50,
partial
partial
X2 ≥ 40; X3 ≥ 0:98
X1 ≤ 15:0, X2 ≥ 40,
{
{
PD
X2 ≤ 60; X3 ≥ 0:99
Table 6.3: Example of the application of the MIPunary and MIPopt matchmaking algorithms
ScoreO1 ' 0:44 and ScoreO2 ' 0:55, and returns the following ordered list to the requester:
Exact∗ = [(O2 ; 0:55); (O1 ; 0:44)] along with the other two (failing) lists. However, the WS
requester is warned that this list contains o ers that do not satisfy his constraint: X3 ≥ 0:99.
As it can be seen, o er O2 is at the top of the result list as it violates in a signi cantly
lower amount the last constraint of the demand with respect to the amount of violation
of O1 . So if O2 is selected by the WS requester, then the minimum possible constraint
relaxation will have been achieved.
Let us now focus on the application of the MIPopt algorithm. This algorithm will solve
one MIPOP for each QoS speci cation (including that of the QoS demand). So for each
MIPP the following preferences will be calculated: [P1 : p1s = 0:1982],[P2 : p2s = 0:4528],[P3 :
p3s = 0:32], [P4 : p4s = 0:3628], and P D : [pD
s = 0:4216]. Thus this algorithm will produce the
following results lists: Super = [ ], Exact = [O2 ], P artial = [(O1 ); (O3 ); (O4 )], F ail = [ ].
As it can be seen, o er O2 is in the exact match list although it violates the last constraint
of the demand. The reason for this is that the preference of its worse solution is greater than
the preference of the worse solution of the demand. To put it in another way, O2 provides
a far better lowest value for the X1 attribute with respect to the worse lowest value for
the X3 attribute (compared to the corresponding lowest values of the demand). Another
observation is that O1 pays the penalty of providing the minimum possible value for the X3
attribute and is considered a partial result. The last observation is that O3 is promoted as
a partial result. O3 's promotion is due to the fact that its worse solution violates only in a
small amount the constraints of the demand.
Table 6.3 summarizes the contents of this example. This table displays for each QoS
speci cation what were its constraints and in which category of results was put by the two
compared algorithms. Of course, for the QoS demand only its constraints are shown.

Achievements For QoS-based WS matchmaking, we have proposed two algorithms that

use the MIP solving technique. The actual system that will exploit these two algorithms
will have to choose between them based on user requirements of the user that issues the QoS
request. If the user wants a very fast execution and is not interested much if the accuracy
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Research
Approach
MIPconf
[CMDTT05]
MIPcond−conf
MIPunary
MIPopt

Semantic Precision
QoS Metric
Matching
{
excellent
yes
yes
yes

Recall

Performance

good

excellent

fair

{

excellent
good
excellent

fair
excellent
excellent

{
yes
yes

excellent excellent
excellent excellent
good
excellent

Results Optim/tion
Cat/tion

Table 6.4: Comparison of our proposed QoS-based MIP-based WS matchmaking algorithms
is not perfect, then the MIPopt algorithm should be used. Otherwise, if the user wants high
accuracy and does not care too much if the results are returned two to ten seconds later,
then the MIPunary algorithm should be used. Table 6.4 summarizes the features (based
on the requirements we have set in chapter 4) of the two proposed algorithms in order to
compare them. In order to make the comparison even more interesting and complete, the
MIPconf and MIPcond−conf matchmaking algorithms are also included and analyzed in the
table.
If this table is compared against table 5.3, it is easy to see that our two proposed
algorithms outperform all other research approaches. This is mainly due to four reasons:
a) use of the alignment algorithm; b) high accuracy of results; c) advanced categorization
of results; d) return of useful results in case of over-constrained QoS demands. Moreover,
the performance of the proposed algorithm is from good to the best. So our QoS-based
MIP-based WS matchmaking algorithms have achieved their goal as they satisfy all the
requirements set in chapter 4. Their evaluation in chapter 7 of this dissertation will verify
our claims.

CP Algorithms
As already mentioned in several places in this dissertation, the CP technique must be
used for solving non-linear QoS constraints involving QoS metrics (i.e constraint variables).
Non-linear constraints in QoS speci cations can be used to express relations between QoS
metrics and objective functions (for optimization). For example, the price of a WS (i.e
WS's pricingqmodel) can be expressed as a non-linear function of many QoS metrics,
e.g. price = ((1 − responseT ime)=0:01)2 + (availability=0:01)2 where responseT ime and
availability take values in (0:0; 1:0].
Based on the analysis of the previous sub-subsection, the matchmaking metrics of conformance and conditional conformance have been expressed in terms of a series of MIPPs
which have to be all infeasible. As infeasibility in MIP (i.e MIPP has no solutions) has almost
the same meaning as unsatis ability in CP and MIPP problems can be easily transformed
to CSPs (also the case for MIPOPs and CSOPs), these two matchmaking metrics can be
easily expressed in terms of a series of CSPs that all have to be unsatis able. Moreover, by
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relying on the above observation, it was easy to transform all of our MIP-based QoS-based
WS matchmaking algorithms to their CP counterparts. Thus, we have implemented the CP
counterparts of our MIP-based algorithms MIPconf , MIPcond−conf , MIPunary and MIPopt
that we name CPconf , CPcond−conf , CPunary and CPopt respectively.
These four CP algorithms will exhibit the same behavior concerning the characteristics
of accuracy, categorization of results and optimization for over-constrained demands with
respect to their MIP counterparts. In addition, we expect that the relevant order of these
CP algorithms is not going to change concerning matchmaking time and we base our claims
on the formal performance analysis performed on the corresponding MIP algorithms. This
performance analysis can be easily changed (by altering the notations) to re ect the same
results on the proposed CP matchmaking algorithms. However, one suspicion that can be
oscillated concerns the matchmaking time of the CPopt optimization algorithm. Solving
CSOPs quickly requires [RvBW06] that constraint propagation techniques must be applied
to the objective function (which is usually represented as a constraint). Special techniques
like local search methods [RvBW06] must be used in order to have an e ective solving
procedure. So the matchmaking time of CPopt will mostly depend on the CSP engine used
and on which special techniques this engine uses to solve CSOPs.

Di erent CSP Frameworks Investigation Apart from these four proposed CP algo-

rithms, as CP is a broad eld, we conducted an extensive research in CP in order to nd
solutions to two research problems. The rst research problem was how to solve overconstrained QoS demands apart from solving CSOPs (with the MIPopt algorithm) or exhaustively solving many CSPs (with the MIPunary algorithm). Our research concentrated
both on representation formalisms and their implementing frameworks. For representation
formalisms, we found out that there are many possible representation frameworks of optimization problems for CP but the most appropriate ones for QoS-based WS optimization are
two: a) Weighted MAX-CSP [RvBW06], and b) Semiring-Based CSP s [BMR97]. In MAXCSP, the optimization problem is represented by a CSP with the objective to nd a variable
assignment that satis es the maximal number or constraints. This is equivalent to nding a
variable assignment that minimizes the total number of violated constraints. In case where
not all constraints are important, weights are associated with individual constraints and the
objective is to maximize the total weight of the satis ed constraints. In this case, we have
a Weighted MAX-CSP problem. Concerning QoS-based WS matchmaking, if all QoS-based
WS speci cations have unary constraints, then all CSP variables are independent with each
other so instead of solving many CSPs only one CSP is required to be solved. This CSP
will contain all constraints of the o er and the negation of all the constraints of the demand
along with their weights so it will certainly be represented as a Weighted MAX-CSP. The
goal will be to maximize the total weight of all the unsatis ed constraints of the demand.
If the total weight equals the sum of the weights of all constraints of the demand, then the
o er is conforming with the demand. Otherwise, it will be a partial or fail (weight equals
zero) result. As each o er is not only categorized but also gets a score, in case of overconstrained demands, the o er with the maximum score is the one which matches better
with the demand. Local Search Methods [RvBW06] can be used to solve both MAX-CSP s
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and Weighted-MAX-CSP s.
A semiring constraint network is actually a constraint network. What di erentiates it
from classical constraint networks is the fact that each constraint maps the assignment
of its variables to values in the c-semiring. A c-semiring resembles the classical semiring
notion and is used to formalize the notion of satisfaction degrees or preference levels. This
simple algebraic structure is speci ed by a set E of satisfaction degrees, where two binary
operators are de ned: a) ×s speci es how to combine preferences, and b) +s is used to
induce a partial ordering on E. In addition, two special values are de ned: 0 and 1. The
former is used to indicate that a constraint is not satis ed at all while the latter is used
to indicate that the constraint is satis ed completely. Thus, a c-semiring is a 5-tuple of
the form: hE; +s ; ×s ; 0; 1i. Actually, the c-semiring framework is quite general and can
express MAX-CSP s and other types of soft constraint CSPs. In our case, we could use this
framework to represent and solve CSOPs by providing appropriate functions for the timess
and +s operators. Then we could develop a matchmaking algorithm that would compare
o ers based on their lowest preference against the lowest preference of the demand, much
like our MIPopt algorithm. The consistency level of a complete assignment t (i.e a solution),
vals (t), is obtained by combining the individual level of each constraint: vals (t) = ×s (t[V ]).
Then the +s is used to compare all solutions in order to nd one or more optimal solutions.
Unfortunately, solving a c-semiring CSP is a NP-hard task which can be reduced to NPcomplete if the computations of a ×s b and a +s b are polynomial in the size of their
arguments.
Based on the ndings of our research on the rst problem, we have found two di erent
CSP frameworks with respect to the classical one. So we could use the representation
formalisms of these frameworks and their solving engines in order to represent and solve our
matchmaking problems. Unfortunately, concerning the semiring-based CP approach, we did
not nd any stable free or commercial solving engine that adopts it and uses it. So we had
to develop prototype algorithms from scratch which could be very time-consuming and not
very ecient as we wanted to use stable and widely tested algorithms in our experimental
evaluation without taking us a lot of time in order to evaluate them. A same more-or-less
situation also applied to the Weighted-MAX-CSP approach. Thus, our decision was to use
these two representation frameworks in the near future when stable and widely-tested tools
or algorithms will be available in free or commercial solving engines.

Dynamic Constraint Satisfaction The second research problem concerned the fact that
the conditional conformance matchmaking metric requires solving a series of very similar
CSPs which di er in only one constraint. So the focus of our research was to nd a speci c
solving technique-framework in CP that could take advantage of both the knowledge of
solving the previous CSP and the small change that takes us from the previous CSP to the
next one. In this way, the CSP engine would not have to solve each new CSP from scratch
but could use the knowledge from the solving procedure of the previous CSP in order to
solve the new one. In addition, it would be wonderful not to create the new CSP from
scratch but have the ability to delete one constraint and create a new one so as to build
the new CSP. This CP framework would help us achieve signi cant time reductions in the
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matchmaking time of our algorithms. Thus, our research concentrated on a speci c area of
CP called Dynamic Constraint Satisfaction (DSC) [VJ05].
In DSC, a dynamic constraint satisfaction problem (DSCP) is a sequence of CSPs, each
one produced from some changes in the de nition of the previous one. A change may
a ect any part of problem de nition: variables, domains of variables, constraints, constraint
scopes (addition or removal of a variable in constraint's de nition), or constraint de nition
(e.g change in the mathematical expression). As all of these types of changes can be basically
expressed as constraint additions or removals, a DSCP is a sequence {P0 ; P1 ; : : : ; Pi ; : : : ; Pn }
where, for each i, 1 ≤ i ≤ n, Pi is a CSP, Cai is a set of added constraints, Cri is a set
of removed constraints, such as Cri ⊆ Pi , and Pi = Pi−1 + Cai − Cri . This de nition is
quite general because it covers the case where a new CSP Pi is completely di erent from
the previous one Pi−1 . There are two categories of approaches devised for solving DCSPs:
proactive and reactive. Proactive approaches assume that the modeler provides to the system
not only the de nition of constraints but also information about the possible changes and
sometimes about their absolute or relative likelihood of occurrence. On the other hand,
reactive approaches use no information about the possible directions of the future changes
but try to record, when solving, some potentially useful information that will help them
anticipate any possible change. Based on the fact that proactive approaches try either to
produce robust solutions, that will remain valid resisting to many changes, or to produce
exible solutions, that can be easily modi ed after some changes to produce solutions, we
decided not to further investigate them. The reason for our act was that our matchmaking
metric requires to solve a series of CSPs that all have to be unsatis able. If one is found
satis able, then the o er is not conforming to the demand. So we did not want to (re)use a
solution of a previous CSP in order to nd the solution to the next one but to stop after a
solution was found. Thus, we only further investigated the reactive approaches.
Reactive approaches try to reuse as much as possible what has been produced by previous
problem solvings in order to face a new problem after a change in the problem de nition.
There are four kinds of information that are produced when solving a problem: a) local
consistency or inconsistency of partial assignments ; b) global consistency or inconsistency
of partial assignments ; c) consistency or inconsistency of complete assignments ; and d)
problem consistency or inconsistency. Moreover, it must be noted that consistency and inconsistency information exhibits a symmetric behavior with respect to problem relaxation
and restriction. For example, consistency information is preserved by problem relaxation
while inconsistency is not. Based on the above observations, reactive approaches are separated into solution reuse and reasoning reuse approaches. Solution reuse approaches try to
reuse the previous solution in order to build the new one based on the assumption that as
the previous CSP Pi−1 , that is solved and has the solution Si−1 , is very close to the new one
Pi , then a solution Si of Pi can be searched for in the vicinity of Si−1 . On the other hand,
reasoning reuse approaches try to reuse the set I of implied constraints (consequences of
the constraints) of CSP Pi−1 , which CSP was found to be consistent or inconsistent, based
on the assumption that because Pi−1 is very close to the new CSP Pi then most of the constraints in I will remain valid in Pi . In this way, by recording the constraints in I that will
certainly be valid and not producing them again, search eciency is greatly favored. Based
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on the same reasons we eliminated proactive approaches, we did not further investigate solution reuse approaches. Thus, we nally concentrated on the reasoning reuse approaches,
which actually perform what we actually want: reuse reasoning information (inconsistency
information in our case) in order to decrease solving time of the search-solving procedure
and consequently matchmaking time.
Reasoning reuse techniques di er from each other only in the information they use to
determine whether an implied constraint in I becomes questionable: constraint graph, constraint justi cation, or constraint explanation. This results in three families of methods:
1) graph-based, 2) justi cation-based, and 3) explanation-based methods. The latter two
methods are more time and space consuming when producing implied constraints and their
justi cations or explanations. However, they exploit recorded information in such way that
allows fewer constraints in case of justi cations, and even no constraints in case of explanations, to be checked in order to maintain valid implied constraints. Based on the latter reason
and on the fact that we discovered a free solving framework, called Choco [Lab00], for normal and dynamic CSPs that uses explanation-based methods (actually a Java version of the
Palm system [JB00]), we chose to nally select this CP technique in order to re-implement
our algorithms. In result, our proposed CPcond−conf and CPunary matchmaking algorithms
were re-implemented in order to use the explanation-based methods of de ning and solving
CSPs of the Choco framework, thus producing in this way the algorithms CPexpl−cconf and
CPexpl−unary respectively. It must be noted that we used the Choco framework in order
to implement all the CP algorithms that we propose, CP and e-CP (explanation constraint
programming) ones. In this way, as the explanation-based mechanisms are built on top of
the normal CP ones, we could run and experimentally evaluate our matchmaking algorithms
in a fair manner, not using di erent CSP engines for di erent types of CSPs (i.e normal and
dynamic ones). In addition, it must be noted that we did not transform our CPopt algorithm
into an e-CP one because of the lack of the appropriate facilities of the Choco framework.

Achievements By using CP solving techniques, we have proposed four matchmaking al-

gorithms named CSPunary , CSPopt , CSPexpl−cconf , and CSPexpl−unary . The actual system
that will exploit these algorithms will have to choose between them based on user requirements of the user that issues the QoS request. If the user wants a very fast execution
time and is not interested much if there is no advanced categorization of results, then the
CSPexpl−cconf algorithm should be used. On the other hand, if the user wants fast execution
time, advanced categorization of results and optimization, then the CSPexpl−unary (best if
the highest accuracy is required) or the CSPopt (best if n-ary constraints are contained in
the QoS demand) algorithms should be used. Table 6.5 summarizes the features (based on
the requirements we have set in chapter 4) of the proposed algorithms in order to compare
them. In order to make the comparison even more interesting and complete, the CSPconf
and CSPcond−conf matchmaking algorithms are also included and analyzed in the table. The
\excellent*" phrase denotes that the algorithm that exhibits it has the fastest execution from
all compared algorithms.
If this table is compared against table 5.3, it is easy to see that our proposed algorithms
outperform all other research approaches. This is mainly due to four reasons: a) use of the
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Research
Approach
CSPconf
[CMDTT05]
CSPcond−conf
CSPunary
CSPopt
CSPexpl−cconf
CSPexpl−unary

Semantic Precision
QoS Metric
Matching
{
excellent
yes
yes
yes
yes
yes

excellent
excellent
good
excellent
excellent

Recall

Performance

Results Optim/tion
Cat/tion

good

excellent

fair

{

excellent
excellent
excellent
excellent
excellent

excellent
good
excellent
excellent*
excellent

fair
excellent
excellent
fair
excellent

{
yes
yes
{
yes

Table 6.5: Comparison of our proposed QoS-based CP-based WS matchmaking algorithms
alignment algorithm; b) high accuracy of results; c) advanced categorization of results; d)
return of useful results in case of over-constrained QoS demands. Moreover, the performance
of the proposed algorithms is from good to the best. So our QoS-based CP-based WS
matchmaking algorithms have achieved their goal as they satisfy all the requirements set in
chapter 4. In addition, their evaluation in chapter 7 will verify the claims that are posed
now.

6.4.2 QoS-based Web Service Selection
In some cases, there will be several QoS o ers which will be returned from a QoS-based WS
matchmaking algorithm, from the best matchmaking categories to the worst. Therefore, a
QoS-based WS selection mechanism is required in order to rank QoS o ers according to the
requester requirements and present to the WS requester a sorted WS advertisement list,
thus helping him to select the best WS according to his QoS needs (usually expressed as a
performance to price ratio). For this reason, we have devised and implemented a QoS-based
WS selection algorithm, which will be analyzed in the sequel. It must be noted that this
algorithm does not need to be executed when the best matchmaking categories contain only
one or two results. In addition, our two proposed matchmaking algorithms CSPopt and
MIPopt not only produce two categories of results, but they also rank all results of each
category. Thus, when one of these two algorithms is executed, the execution of our selection
algorithm is not needed.
Before presenting and analyzing our selection algorithm, two things need to be cleared
out. The rst one is that the selection algorithm checks if a QoS speci cation contains linear
or non-linear constraints and then solves two optimization problems by using a MIP or a
CSP engine respectively. So this algorithm is quite generic as it does not only handle unary
QoS speci cations but also n-ary ones. This feature is not present in all other research
approaches except from the one in [CMDTT05] which, however, uses only a CSP engine
to solve linear and non-linear QoS speci cations. Thus, the latter research approach will
exhibit lower performance than our algorithm in case n-ary QoS speci cations with only
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linear constraints are present. The form of two optimization problems and the usefulness of
their results will be analyzed later on. Based on the above reason, from now on we specify
that an optimization problem is solved and we do not clarify what type of engine is used to
solve it. The second thing to clear out is that it is expected that the semantic alignment of
QoS speci cations is called before the execution of the selection algorithm. Thus, the QoS
speci cations will have as many common QoS metrics as possible. If a QoS metric of the
QoS demand is not present in a QoS o er, then the contribution of this metric to the score
of this o er will be inconsiderable. This will be also understood from the analysis of the
proposed selection algorithm.
Our QoS-based WS selection algorithm consists of four sequential phases called: a)
Selection Tree Reduction ; b) Determination of Requester's Preferred Values ; c) Production
of Min and Max Scores of the O ers ; and d) Production of Final Score of the O ers. Before
analyzing all these phases, the next subsubsection will be dedicated to explicating the input
to this algorithm and the notation used while the last four subsubsections will be dedicated
to the four phases of the algorithm.

Input and Notations
The input to our selection algorithm is: all QoS o ers that need to be ranked, the QoS
demand of the WS requester and his WS selection tree. This input is provided by our
framework either as a result of a previous matchmaking step or immediately after the QoSbased WS alignment process is executed. In the former case, the matchmaking algorithm
may hand over these QoS o ers by also placing them in di erent but \interesting" matchmaking categories (that is super, exact and/or partial categories), so the selection algorithm
will have to preserve this categorization by placing each ranked QoS o er in its matchmaking
category. In the latter case, the WS requester has asked our framework to only execute the
WS selection process and not the matchmaking one.
Now suppose that there are N QoS o ers Pi (MIPPs or CSPs), one QoS demand PD
(MIPP or CSP) and one QoS selection tree S . Moreover, suppose that the QoS selection
tree has M QoS leaf nodes-metrics Qj . As we will see in the sequel, these M QoS metrics
play the role of the variables in the production of the scores of the QoS o ers. Each Qj from
the M QoS metrics will have a domain of values which has one minimum Qmin
and one
j
maximum value Qmax
.
Suppose,
now,
that
P
contains
surely
constraints
on
these
M QoS
D
j
metrics. It may also reference some other QoS metrics, but these metrics will not play a very
important role in the selection process, especially if they do not appear in any constraint
involving any metric from the M particular ones. Concerning the QoS o ers Pi , they may
reference all of the M QoS metrics or not. Let us denote with Xij the constraint problem
variable referencing QoS metric Qj for QoS o er Pi . This variable will have the same value
type as Qj and consequently the same min and max values in its domain. However, based
on the constraints of Pi , its actual min and max values may be more strict so we denote
them as Xijmin and Xijmax respectively. In case where Pi does not reference QoS metric Qj ,
then the variable Xij will be set to the lowest quality value from the domain of values of
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(

Qmax
j ; for negatively monotonic metrics . In this way, this o er's
min
Qj ; for positively monotonic metrics
partial score for the QoS metric Qj will always be zero. In the same way, the QoS demand
PD will contain variable Xj indicating the reference to QoS metric Qj . Each variable Xj
will have the same domain of values as metric Qj but based on the constraints of PD its
min Xjmin and max Xjmax values may be stricter. Logically, PD will reference all M QoS
metrics.
The QoS selection tree S of the WS requester is a tree with nodes being QoS groups
or QoS metrics. This tree should be constructed with the help of a visual tool that will
guide the requester in providing the appropriate input. The reason for the existence of this
tool is the following main restriction on the tree: in each level l of the tree (except the
topmost one), the sum of the weights of the nodes that belong to the same parent must
equal to one. The root node also has weight equal to 1. Another restriction is that a QoS
metric or group cannot appear twice in the tree. A nal restriction is that the leaf nodes
of S must only be QoS metrics. This tree can be used by the WS requester in order to
create groups of QoS metrics that share a common feature. For example, imagine a tree
where the root node is the QoS group named \QoS" having two QoS groups as children
named \Domain Dependent" and \Domain Independent". The former children node will
have a weight of 0.6 and all of the domain dependent QoS metrics of the QoS demand as
children, while the latter one will have a weight of 0.4 and all of the domain independent
QoS metrics of the demand as children. In this way, it is denoted that the domain dependent
QoS metrics should contribute with a 0.6 factor to the score of each QoS o er while the
domain independent ones will contribute with a 0.4 factor to this score. This example is
just indicative of what type of nesting this tree will have.
Qj , that is: Xij =

Selection Tree Reduction Phase
Based on the last paragraph of the previous subsection, we argue that the QoS selection
tree S can be reduced to a weighted sum of all the leaf-nodes (i.e QoS metrics) of the tree.
We are going to show this reduction by enhancing the example of the previous paragraph
and analyzing how the weighted sum is produced. The enhanced example is shown in
Figure 6.11, where non-leaf nodes have blue color and leaf nodes have green color. This
example is taken from the Trac Monitoring application domain, analyzed in chapter 3. As
it can be seen from this gure, domain-dependent QoS metrics will have a 0.5 impact of
the nal score while domain-independent ones have a 0.5 impact. The domain-dependent
QoS metrics are further categorized into two categories: a) Application Functionality, and
b) Application Data related, with the rst group having more signi cance than the second
one (0.6 versus 0.4 weight). By taking into account the impact of the domain-dependent
QoS metrics group, the overall weight (i.e impact to the nal score) for these two subgroups
will be 0:5 ∗ 0:6 = 0:3 and 0:5 ∗ 0:4 = 0:2 respectively. So as we go down the tree, it is easily
understood that we multiply the weight of the parent with the weight of the child node in
order to see the overall weight-impact of the child node, until we reach a leaf-node (i.e QoS
metric). Thus, leaf nodes will have as overall weight the multiplication of the weight of their
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Figure 6.11: Example selection tree for the Trac Monitoring application domain
ancestors with their local weight.
In this way, let us calculate the overall weights of all the QoS metrics: CA (measures
the covered area QoS property) has overall weight 0:5 ∗ 0:6 ∗ 0:4 = 0:12, DL (measures the
detail level QoS property) has overall weight 0:5 ∗ 0:6 ∗ 0:3 = 0:09, RS (measures the routes
set QoS property) has overall weight 0:5 ∗ 0:6 ∗ 0:3 = 0:09, Acc. (measures the accuracy
QoS property) has overall weight 0:5 ∗ 0:4 ∗ 0:25 = 0:05, Comp. (measures the completeness
QoS property) has overall weight 0:5 ∗ 0:4 ∗ 0:25 = 0:05, Valid. (measures the validity QoS
property) has overall weight 0:5 ∗ 0:4 ∗ 0:25 = 0:05, Time. (measures the timeliness QoS
property) has overall weight 0:5 ∗ 0:4 ∗ 0:25 = 0:05, MTBF (measures the reliability QoS
property) has overall weight 0:5 ∗ 0:3 ∗ 0:3 = 0:045, Avg. Avail. (measures the availability
QoS property) has overall weight 0:5 ∗ 0:3 ∗ 0:7 = 0:105, Avg. Exec. Time. (measures the
execution time QoS property) has overall weight 0:5 ∗ 0:3 ∗ 0:7 = 0:105, Avg. Refr. Time.
(measures the refresh time QoS property) has overall weight 0:5 ∗ 0:3 ∗ 0:3 = 0:045, and Price
(measures the price QoS property) has overall weight 0:5 ∗ 0:4 = 0:2.
Now, another observation that must be made is that, based on the main restriction of
the tree and on the way the overall weights on the metrics are calculated, the sum of all the
overall weights of the QoS metric equals to 1.0. Indeed, we have that: 0:12 + 0:09 + 0:09 +
0:05 + 0:05 + 0:05 + 0:05 + 0:045 + 0:105 + 0:045 + 0:105 + 0:2 = 1:0. So we have visually
proven that the selection tree can be exploited and reduced to a one level tree consisting
only of the QoS metrics referenced and their overall weights. So at the end of this phase,
each Qj from the M QoS metrics (i.e the leaf nodes of the selection tree) will have an overall
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(signi cance) weight wj apart from the one it had for P
expressing its signi cance in the QoS
group that it belonged to. In addition, we have that: M
j =1 wj = 1.
One remark that must be made concerns the QoS attribute of price. In some research
e orts, we have seen that price is not considered as a QoS attribute because it is argued
that it is related both to non-functional and to functional characteristics of a service. So
in these e orts, service selection is rstly performed by ranking services based on the QoS
attributes (that is their values and weights) and then by selecting from the highest ranked
services the one with the cheapest price. Even in this case, we believe that our approach
can be easily adopted to take into account this restriction. The change that must be made
concerns the top of the tree: we have to add one higher node (we can call it \Selection")
and make its children the nodes of QoS and another (new) node representing the price. In
this way, if we put weights on the edges connecting the new root node with its children, then
we actually express the trade-o that must be performed between QoS and price in order
to select the best service according to the user preferences and his budget.

Determination of Requester's Preferred Values Phase
In this phase, the selection algorithm calculates the maximum Xjmax and minimum Xjmin
values constrained by the QoS demand of the WS requester for all M QoS metrics Qj . If
the QoS demand D has only unary constraints, then the calculation of the maximum and
minimum values of the QoS metrics can be easily performed as follows: if inside PD there is
a constraint Xj >= a, then we have that Xjmin = a; if there is a constraint Xj <= b, then we
have that Xjmax = b; if there is a constraint Xj = c, then we have that Xjmin = Xjmax = c.
However, if PD contains also binary constraints including some of the M metrics, then
the calculation of the maximum and minimum values for all M QoS metrics is a more
troublesome process that requires the solving of one maximization and one minimization
problem respectively. These two optimization problems and their outcomes will be analyzed
in the sequel.
In the same way the preference of a QoS speci cation is produced in the MIPopt algorithm, we calculate the worst and the best preference of PD so as to nd its worst
and best solutions respectively. In this way, we actually make the assumption that the
worst and best solutions will contain the worst and best values of all M QoS metrics respectively. The worst solution is calculated by solving a minimization problem (CSOP or
MIPOP) which
P contains all the constraints of PD and uses the following formula-objective:
pmin
=
min
D
Xj (wj · ufXj (Xj )), where wj is the weight of the QoS metric Qj to which
variable Xj is mapped and ufXj () is the utility function of variable Xj . Similarly, the best
solution is calculated by solving a maximization problem which
P contains all the constraints of
max
PD and uses the following formula-objective: pD = max Xj (wj · ufXj (Xj )). One thing
that must be cleared out is which utility function to use for the M QoS metrics. Based on
the assumption that QoS metrics are positively or negatively monotonic, we use two types
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of utility functions taken from the research work of Zeng et. al [ZBD+ 03]:
if maxj − minj 6= 0
1; if maxj − minj = 0
( X −min
j
j
max
−minj ; if maxj − minj 6= 0
j
=
1; if maxj − minj = 0

ufXj =
ufXj

( max −X
j
j

maxj −minj ;

(6.6)
(6.7)

The values of maxj and minj can be computed from the QoS o ers (if all o ers contain unary
constraints) as: maxj = max{Xijmax } and minj = min{Xijmin } where the values of Xijmax and
Xijmin are computed in the same way we have described for unary QoS demands. However, if
the QoS o ers contain also binary constraints, instead of solving two optimization problems
for them in order to nd the Xijmax and Xijmin values, we compute maxj and minj as:
maxj = Qmax
and minj = Qmin
respectively. The rst type of utility functions (Eq. 6.6) is
j
j
for negatively monotonic QoS metrics (e.g measuring price ) while the second type (Eq. 6.7)
is for positively monotonic QoS metrics (e.g measuring availabity ). So, in the end, after
solving the two optimization problems, we will have computed the minimum preference
max
pmin
D of the worst solution (X11 ; X12 ; : : : ; X1M ) and the maximum preference pD of the
best solution (X21 ; X22 ; : : : ; X2M ) of PD . Thus, in this way we will eventually have that
Xjmin = min (X1j ; X2j ) and Xjmax = max (X1j ; X2j ) for every j in [1; M ].

Production of Min and Max Scores of the O ers Phase
The goal of the WS selection algorithm is to produce a score for each QoS o er Pi in order
to present an ordered list of WSs back to the WS requester. We believe that the score of
each o er should consist of two parts: one part dedicated to computing the worst score
of the o er and another part calculating the best score of the o er. The reason for this
will be given in the next subsubsection. Similarly to the previous paragraph where the
worst and best preference of a n-ary-based QoS demand were calculated, we calculate the
the worst
pmin
and best pmax
preferences ofPo er Pi by the following formulas: pmin
=
i
i
i
P
min Xij (wj · ufXij (Xij )) and pmax
=
max
(
w
·
uf
(
X
))
,
where
where
w
is
the
j
Xij ij
i
Xij j
weight of the QoS metric Qj to which variable Xij is mapped and ufXij () is the utility
function of variable Xij . If Pi contains only unary constraints, then the min Xijmin and max
Xijmax values of all metrics Qj can be computed very easily by the process we analyzed in
the previous subsubsection for QoS demands. In this way, the computation of the above
formulas takes O (1) time as we just instantiate each Xij variable
with its worst Xijmin and
P
best Xijmax
value and the formulas are expressed as: pmin
= Xij (wj · ufXij (Xijmin )) and
i
P
pmax
= Xij (wj · ufXij (Xijmax )). Otherwise, if Pi contains also n-ary constraints, then two
i
optimization problems, constructed from Pi , must be solved with the rst one using the
objective pmin
and the other one using the objective pmax
i
i .
Until now, the only unknown component that was not analyzed is the utility function
ufXij of the Xij variables. We intentionally have left this component uncommented because
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it is the most important one. Our approach in determining this utility function resembles the
one of Toma et. al. [WVKT06] as we take into account the values the WS requester provides
for the M QoS metrics (of the QoS selection tree). However, what di erentiates our approach
from theirs is that we respect the min Xjmin and max Xjmax values the requester provides
for these metrics Qj , when the QoS metric is \sensitive", and only the min or max values for
\insensitive" positively or negatively monotonic QoS metrics respectively. Let's stick for a
moment to the \sensitive" QoS metrics. Suppose we have a \sensitive" QoS metric Qj and
that the WS requester has provided a min Xjmin and max Xjmax value for it. Our idea is to
choose a utility function that \respects" the user given limits by giving a preference between a
and 1:0 to values of variables Xij that are between them. Moreover, the distance x = Xjmax −
Xjmin between the min
and³ max values plays
an important
role as it ³determines that for
´i
h
´
i
h
; Xjmin and Xjmax ; min Xjmax + x; Qmax
values of Xij in sets max Xjmin − x; Qmin
j
j
the preference will fall between a and max (a − (1 − a) ; 0). By combining a and x we get
the big picture: by moving away from the user-provided limits of a metric, the preference of
a value will decrease from a with the amount 1 − a so many times as approximately is the
distance of the value from the nearest limit divided by x.

For example, suppose that we have a=0.6, x = 10, Xjmin = 30, Xjmax = 40, Qmin
= 10,
j
max
and Qj = 100. Then: if Xij is in [30; 40], its preference will vary between 0.6 and 1.0; if
Xij is in [20; 30] or [40; 50], its preference will vary between 0.2 and 0.6; if Xij is in [10; 20]
or [50; 60], its preference will vary between 0.0 and 0.2; all other values of Xij will have their
preference equal to 0.0. In the previous example, if we choose a=0.5, then the values of Xij
in the sets [20; 30] or [40; 50] will get a preference between 0.5 and 0.0 while all values below
20 or above 50 will have preference equal to 0.0. So high values of a that are greater than
0.5 enable more distant values (w.r.t to distance x) of Xij to get a non-zero preference. Of
course, if a equals to 1.0 then all values of Xij will have a preference of 1.0. On the other
hand, small values of a less than 0.5 enable only values of Xij that have less distance than
x from the nearest user-provided limits to get a non-zero preference value. If a equals 0.0,
then only the values of Xij that are between the user-provided limits will get a non-zero
preference. In the same way as a, small values of x will decrease the possibility that distant
values of Xij will get a non-zero preference, while big values of x will increase it. In the
special case that x equals to 0, then only the value of Xij that is equal to Xjmin = Xjmax
will have a preference of 1.0 while all other values will have a zero preference.

Based on the above analysis, we now de ne the utility function ufXij of very variable
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Xij as:

´
³
Xij −minj

· (1 − aj ) ; if minj 6= maxj & Qj ↑ & minj ≤ Xij ≤ maxj
a
+

j


³ maxj −minj ´


max
−
X
j
ij

aj + maxj −minj · (1 − aj ) ; if minj 6= maxj & Qj ↓ & minj ≤ Xij ≤ maxj


³
³
´
´


Xij −minj
max aj − max
·
(1
−
a
)
;
0
:
0
; if minj 6= maxj & Xij > maxj
j
j −minj ´
ufXij =
³
³
´

max −Xij

max aj − maxjj−min
· (1 − aj ) ; 0:0 ; if minj 6= maxj & Xij < minj


j




1:0; if minj = maxj = Xij



0:0; if min = max 6= X
j
j
ij

where the symbol Qj ↑ denotes that the metric Qj is positively monotonic while the symbol
Qj ↓ denotes that metric is positively monotonic. As it can be seen from this type, we de ne
aj for very QoS metric Qj . Actually, these values will be provided either by the WS requester
or by a domain modeler that has the experience and the exact knowledge of all entities of his
application domain. Until now, we have not modeled these values in OWL-Q so we do not
actually capture them but we hardwire them into the code of the selection algorithm. The
modeling of these values will be performed in the near future. We have deliberately left the
minj and maxj values unde ned as they vary according to the sensitivity of the QoS metric
Qj . If Qj is \sensitive", then we have that: minj = Xjmin and maxj = Xjmax so we respect
both of the limits of the WS requester. If Qj is \insensitive", then we respect only one of
the limits of the requester, that is we have: minj = Xjmin and maxj = Qmax
for positively
j
max
min
monotonic metrics, and maxj = Xj and minj = Qj for negatively monotonic metrics.
So the second (non interesting) limit gets so high or low until the max or min value of the
domain of the QoS metric.

Production of Final Score of the O ers Phase
The overall preference or score pi of an o er Pi based on a demand PD is given by the
following formula: pi = a · pmin
+ b · pmax
i
i , where 0 ≤ a; b < 1 and a + b = 1. This formula
states that the overall score of an o er depends on the percentage a of the minimum score
of the o er and on the percentage b of the maximum score of the o er.

Time Complexity
Let us now examine the time complexity of our QoS-based WS selection algorithm. We
assume that the reduction of the selection tree phase is trivial so we do not take it into
account for computing the time complexity. If we have only unary QoS o ers and demands,
then we will perform 2 · (N + 1) · M operations for computing the min and max values
of the Xj and Xij variables that take O(1) time and 3 · N operations for computing the
score of each o er that take also O(1) time. Thus, in this case which is the best, the time
complexity will be Θ (N · M ). In the worst case, all QoS speci cation will be n-ary so we
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Research
User
User
Normalization
QoS
Approach Preference Constraints
Grouping
Spec
Sel
good
yes
yes
yes
Table 6.6: Satisfaction degree of the QoS-based WS selection criteria by our algorithm
will have to solve 2 · N + 2 optimization problems that take time at most T and we will
have to compute N nal scores in time O(1). So the time complexity of the worst case will
be Θ (N · T ). It is quite obvious that solving optimization problems is more dicult than
computing simple weighted formulas so non-unary QoS speci cations signi cantly increase
the time complexity of the selection algorithm.

Achievements
Although most QoS-based WS selection algorithms are interested in the worst score that
can be given by an o er, we believe that this is not enough; we have to pick among the same
\worst-score" o ers the one that gives the best of the maximum-best scores. This feature
is considered only in our algorithm. Another advantage of our selection algorithm is that it
takes into account both of the limits of the WS requester and not only one value. This is
very important, especially in highly dynamic application domains where just one value of
a QoS metric cannot be guaranteed but only a range of values. Finally, one of the biggest
advantages of our algorithm is that it not only deals with unary QoS speci cations but also
with n-ary ones. This is something that is not o ered by any other selection algorithm.
Let us denote with Sel our proposed QoS-based WS selection algorithm. Table 6.6
summarizes the features of our algorithm according to the criteria set in chapter 5 and
section 5.6. Apart from the above unique advantages of our algorithm, if we compare the
contents of table 6.6 against the contents of table 5.4 we can surely see that our algorithm
satis es all the requirements-criteria set in chapter 5 and is the only one achieving this.

6.5 Conclusions
The three main parts of this chapters were dedicated to the analysis of the three main
contributions of this thesis which are the following: a) a semantic, rich and extensible
QoS description model for WSs; b) a semantic alignment algorithm for QoS-based WS
speci cations; c) development of di erent QoS-based WS discovery algorithms optimized
according to the solving technique used and the user requirements.
In the rst part of the chapter, OWL-Q, an upper-level ontology consisting of many facets
{ each capturing a speci c aspect of QoS-based WS description { was described and analyzed.
Then, the reasons why this language was extended with SWRL rules was provided. Finally,
the rst part concluded by explicating why our ontology language realizes a semantic, rich

149

6.5. CONCLUSIONS
and extensible QoS description model and which of the requirements set in chapter 4 it
satis es.
The second part of this chapter explains why the alignment of QoS-based WS speci cations is necessary for ensuring the accuracy of the QoS-based WS matchmaking and
selection algorithms. After this justi cation, a complete alignment algorithm of QoS-based
WS speci cations is provided and analyzed in text, pseudo-code samples and gures. The
main core, on top of which the alignment algorithm is built, is also analyzed, which constitutes the semantic QoS metric matching algorithm that is able to infer if two QoS metrics
(that are part of di erent QoS speci cations) are equivalent.
Finally, the third part of this chapter was devoted to the description and theoretical
analysis of the QoS-based WS matchmaking we have implemented and experimentally evaluated. We have actually provided and implemented various versions of di erent algorithms
that use di erent techniques (CP or MIP), have di erent performance and accuracy and
provide results of di erent granularity or usability. Last but not least, it must be remarked
that we have also proposed a novel WS selection algorithm that considers not only equality
but also inequality constraints of the WS requester, it deals with n-ary QoS speci cations
and it takes into account both the best and worst performance of each QoS o er.
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Chapter 7

Evaluation
This chapter starts by explaining the prototype system we are currently implementing for
supporting the semantic QoS-based description, alignment and discovery of WSs. Then, the
remaining of the chapter is dedicated to experimentally evaluating all the algorithms we have
devised and implemented. We focused our study mainly in the QoS-based WS matchmaking
algorithms and conducted many series of experiments in order to evaluate their performance
and accuracy. The majority of the results were in concert with the theoretical analysis we
performed in chapter 6 for these algorithms.

7.1 Implementation
We are currently in the development phase of our QoS-based WS discovery engine that is going to support the semantic QoS-based WS description, alignment and discovery. This engine
uses three main assisting components: a) the Pellet reasoner (http://pellet.owldl.com)
for ontology reasoning, b) the XpressMP system for solving MIPPs having linear constraints
and c) the Choco CSP engine for solving (e)CSPs with non-linear constraints, while the Java
programming language is used as a bridge between them. Pellet is chosen because it is one
of the best three ontology reasoners supporting the tasks of ontology validation and reasoning, OWL 1.1 data-type reasoning (needed for reasoning on QoS metric data-types) and
partial SWRL inferencing (for rules support and inferencing). XpressMP is one of the best
commercial engines for solving LP and MIP programs while it also supports constraint solving through its interface with the Kalis constraint solving engine developed by Artelys SA.
Finally, the Choco system consists of both a CSP and a eCSP engine so it is ideal for using
any of our developed and implemented CP-based matchmaking algorithms.
The architecture of the system under development is shown in Fig. 7.1. In the sequel,
an overview of the functionality of each component of our system is provided by analyzing
the scenario where a WS provider wants to publish the QoS o er of his WS while a WS
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Figure 7.1: QoS-based WS Discovery Engine.
requester wants to nd available QoS o ers based on his request.

Publication. The WS Provider (WSP) describes his QoS o er in OWL-Q and sends

it to the Java Server, the main component of our system. The Java Server (JS) sends
this o er to the Reasoner (RS) in order to validate its (ontological) consistency against the
common OWL rules and the accompanying SWRL rules. If the o er is not consistent, then
an error message is returned to the WSP. Otherwise, JS aligns the OWL-Q o er according
to the contents of the Metric Store (MS), which is part of the Repository (R), and with the
help of the XSLT Transformer (XSLT) it transforms it into an MIPP or (e)CSP. This MIPP
or CSP is send to the appropriate Constraint Solving Engine (CSE) (MIP or CP-based) in
order to nd if it is satis able/feasible. If not, then an appropriate error message is returned
to the WSP. If yes, then the aligned OWL-Q o er and its accompanying CSP/MIPP are
stored at R and an appropriate positive message is returned to the WSP.

Matching. The WS Requester (WSR) sends his OWL-Q demand to the JS, which
follows exactly the same procedure as above (ontology reasoning, global alignment and consistency/feasibility checking). If everything is alright, then the demand and its CSP/MIPP
are stored at R for caching purposes. Then the remaining four processes of local alignment,
matchmaking, (possibly) constraint relaxation and selection are executed at JS, which cooperates with the CSE in order to solve appropriate CS(O)Ps/MIP(O)Ps and evaluate the
returned results. In the end, the user gets an ordered list of matching OWL-Q o ers or a
list of partial matches along with a suggestion or a matching failure message.
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7.2 Evaluation of QoS-based Web Service Matchmaking Algorithms
Before analyzing the series of experiments we conducted on our algorithms and their results,
our rst experimental evaluation had the goal to prove that the MIP solving technique is
better than CP for solving only linear constraints. This was one of our main arguments so
it had to be backed up by an experimental evaluation. Our experimental evaluation was
actually based on the experimental evaluation of Cortes et. al. [CMDTT05] in which the
performance of consistency checking and conformance checking of linear CSPs was evaluated.
The next two subsections reveal these two evaluations starting from the one of Cortes et.
al. [CMDTT05] and ending with ours.
For evaluating our QoS-based WS matchmaking algorithms we used a generic testing
framework that produces randomized QoS-based WS speci cations in a control way so as
to be able to test the performance and accuracy of our algorithms. This framework accepts
as parameters the matchmaking algorithms to be evaluated and can be altered easily so
as to change what kinds of speci cations it produces as it provides them as input to the
matchmaking algorithms. We conducted four series of experiments based on this testing
framework. The rst three series of experiments evaluated the MIP algorithms we have
implemented (MIPconf , MIPcond−conf , MIPunary , and MIPopt ) while the last one evaluated
the (e)CP-based ones (CPconf , CPcond−conf , CPexpl−cconf and CPexpl−conf ). These four
series of experiments are presented in the last four subsections of this chapter.

7.2.1 Cortes et. al. experimental evaluation
Cortes et. al. [CMDTT05] carried out a series of experiments in order to experimentally
analyze the behavior of their CP-based matchmaking algorithm focusing on CSPs (transformed from QoS-based WS speci cations) containing linear constraints. The experiments
were implemented in the J# programming language while the powerful CP engine `ILOG
CP' was used for solving CS(O)Ps. Each experiment was carried out 30 times in order to
reduce interferences in the form of outliers from the host's operating system or network and
the average solving time was registered.
In these experiments, the worst case that was considered was a CSP whose constraints
could reduce the initial search space as less as possible. For this reason, the following
constraint factors were taken into account: a) The number N of variables of the CSP along
with their domains (small -256 values, medium -65536 values, large -4:2 · 109 ) that determine
the initial search space; b) the number C of constraints of the CSP; c) The arity A of each
constraint i.e. the number of variables involved.
In the rst series of experiments, the performance of consistency checking was measured
for both consistent and inconsistent CSPs. In order to keep the initial search space as big
as possible, the tested CSPs contained Cmin = N − A + 1 constraints in order to bind
all variables. Figure 7.2 shows the di erent CSPs created for each value of A and N for
the rst (consistency checking) and second (conformance checking) series of experiments.
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Figure 7.2: Actual CSP Model for every value of A and N .
For example, a consistent CSP with N = 3; A = 1 contained the following constraints:
x1 > 10; x2 > 10; x3 > 10 while the corresponding non-consistent CSP also contained the
constraint: x1 < 10. As another example, if N = 4; A = 3, then a consistent CSP contained
the constraints: x1 + x2 + x3 > 10; x2 + x3 + x4 > 10 while the inconsistent one also
contained the constraint: x1 + x2 + x3 < 10. For consistent CSPs having variables of small
domains with N ranged from 1 to 1500 and A ranged from 1 to 10, the results revealed that
the performance of consistency checking presents a slightly linear increasing behavior. For
consistent CSPs having large-domain variables with N ranging from 1 to 30 and A ranging
from 1 to 10, the results revealed that for arities above 4 execution time gets considerably
worse. For non-consistent CSPs having small-domain variables with N ranging from 1 to
20 and A ranging from 1 to 10, the results showed that consistency checking performance
presented an exponential behavior. The overall observation from this series of experiments
was that consistency checking is acceptable for QoS speci cations having variables with
small-domain variables and constraints with arity below 7.
In the second series of experiments, the performance of conformance checking of both
conforming and non-conforming CSPs was measured. CSPs were created according to the
way it is presented in Figure 7.2. For example, if N = 3; A = 1, a conforming CSP contained
the constraints: x1 > 10; x2 > 10; x3 > 10; not(x1 > 10 & x2 > 10 & x3 > 10) while a nonconforming CSP contained the constraints: x1 > 10; x2 > 10; x3 > 10; not(x1 < 10 & x2 >
10 & x3 > 10). For A = 1 and N ranging from 1 to 20 and small and medium domains,
the performance of conformance checking presented a slightly increasing behavior. However,
with A = N and ranging from 1 to 10, the performance of conformance checking presented
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an exponential increasing behavior for medium domains and arity above 3 and for small
domains and arity above 6. Another important observation is that conforming CSPs take
more time for solving compared to non-conforming CSPs.
The authors of this experimental evaluation did not explain why non-consistent linear
CSPs and consequently conforming linear CSPs (actually consisting of a set of non-consistent
CSPs) exhibit an exponential behavior. However, this behavior can be easily explained. The
default solving technique in the ILOG's CP engine, that is apparently used in these experiments, is performing bounds consistency for constraint propagation and then tree search.
Bounds consistency makes arc-consistent the bounds on the domain of each variable and is
weaker than full arc consistency. However, for the type of constraints of the conducted experiments these two constraint propagation techniques are equivalent and have exponential
complexity with respect to the arity of the constraints. Let us give an example in order to
assist the comprehension of our explanation. Assume that there are two constraints in a
non-consistent CSP: x1 + x2 + : : : + xn > 10 and x1 + x2 + : : : + xn < 10 and all variables take
values from the domain [0; 65365]. Bounds consistency will start from the rst variable x1
and its upper bound (65365) and will seek support in both of the constraints. As this value
is not supported by the second constraint, it will be deleted. Then bounds consistency will
continue with the new upper bound (65534) of the x1 variable and it will continue to delete
values until it goes to the value of 9 for this variable. This procedure is then repeated for
the remaining variables. So it is very easy to understand that bounds consistency exhibits
an exponential behavior with respect to the arity of the constraints.

7.2.2 Experimental evaluation of conformance versus feasibility
We carried out a series of experiments in order to experimentally analyze the behavior of
the conformance matchmaking algorithm CPconf and its MIP counterpart MIPconf focusing
on constraint problems (CSPs and MIPPs respectively) containing linear constraints. The
experiments were implemented in the Matlab programming language while the powerful
CP engine `Xpress-Kalis' was used for solving CS(O)Ps and the MI(Q)P engine `XpressOptimizer' was used for solving MIPPs. Each experiment was carried out 20 times in order
to reduce interferences in the form of outliers from the host's operating system or network
and the average solving time was registered.
As far as constraint factors were concerned, we had the same as the ones used in Cortes
et. al. evaluation process. In addition, the Cmin criterion for CSPs was also preserved.
However, in order to compare the CP and MIP approaches in a fair manner, we transformed
the `less than' and `greater than' operators to the inequalities ≤ and ≥ respectively. For
example, if N = 3; A = 1, then a consistent CSP/MIPP contained the constraints: x1 ≥
10; x2 ≥ 10; x3 ≥ 10 while an inconsistent one contained also the constraint: x1 ≤ 9. As
another example, if again N = 3; A = 1, then a conforming CSP contained the constraints:
x1 ≥ 10; x2 ≥ 10; x3 ≥ 10; not(x1 ≥ 10 & x2 ≥ 10 & x3 ≥ 10) while a non-conforming one
contained the constraints: x1 ≥ 10; x2 ≥ 10; x3 ≥ 10; not(x1 ≥ 10 & x2 ≥ 10 & x3 ≤ 9).
For (in)consistency-(in)feasibility checking, we performed four experiments. In the rst
experiment, we had consistent CSPs (and feasible MIPPs) with variables of small domain,
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N was 100, 500 and 1000 and A ranged from 1 to 10. As can be seen from Figure 7.3(a),
feasibility checking for all values of N exhibited a stable behavior and this was also the case
for consistency checking with N = 100. But consistency checking for the other values of N
exhibited a slightly linear increasing behavior. Moreover, the MIP-based approach outperformed the CP-based approach especially for the two biggest values of N . In the second experiment, we had inconsistent CSPs (and infeasible MIPPs) with variables of small domain,
N was 15 and 30 and A ranged from 1 to 10. As can be seen from Figure 7.3(b), feasibility
checking exhibited a stable behavior while consistency checking exhibited an increasing exponential behavior. In addition, for arities below 6 both approaches had approximately the
same performance. In the third experiment, we had consistent CSPs (and feasible MIPPs)
with variables of medium domain, N was 10, 20 and 30 and A ranged from 1 to 10. As
can be seen from Figure 7.4(a), feasibility checking for all values of N exhibited a stable
behavior and this was also the case for consistency checking. However, the MIP-based approach greatly outperformed the CP-based approach. In the fourth experiment, we had
inconsistent CSPs (and infeasible MIPPs) with variables of medium domain, N was 15 and
A ranged from 1 to 12. As can be seen from Figure 7.4(b), feasibility checking exhibited
a stable behavior while consistency checking exhibited an increasing exponential behavior.
In addition, for all arities the MIP-based approach greatly outperformed the CP-based one.
So the conclusion from this series of experiments was that feasibility checking is better even
for small domains and greatly outperforms consistency checking. In addition, feasibility
checking exhibits the same performance for both feasible and infeasible MIPPs while consistency checking exhibits stable performance for consistent CSPs and exponential behavior
for inconsistent CSPs.
For CP and MIP-based (non)conformance checking, we performed two experiments.
In the rst experiment, we had both conforming and non-conforming CSPs (and MIPPs)
of only small domains while A = N and ranging from 1 to 10. As can be seen from
Figure 7.3(c), CP-based conformance checking presented an exponential behavior for arities
above 6 and conforming CSPs while MIP-based conformance checking presented a stable
behavior for all arities and CSPs. Moreover, both MIPconf and CPconf algorithms had
the same performance for non-conforming CSPs. In the second experiment, we had both
conforming and non-conforming CSPs (and MIPPs) of medium domain while A = N and
ranging from 1 to 15. As can be seen from Figure 7.4(c), CP-based conformance checking
presented an exponential behavior for arities above 8 and conforming CSPs while MIPbased conformance checking presented a stable behavior for all arities and CSPs. Moreover,
while the CPconf algorithm presented a stable performance for non-conforming CSPs, its
performance was greatly outperformed by the MIPc onf algorithm. So the conclusion from
this experiment was that the MIP-based conformance checking approach is better than the
CP-based one.
Thus, based on the above experiments and their results, it can be de nitely stated that
MIP is better than CP for QoS-based WS speci cations with linear constraints. The main
reason is that CP has a hard time solving inconsistent or conforming CSPs (it presents
exponential behavior) while MIP solves any kind of MIPP (infeasible, conforming, etc.)
with the same stable and excellent performance. Two main remarks must be made. Firstly,

156

CHAPTER 7. EVALUATION

1.4

1.5

0.8

0.6

1

0.5

0.4

0.3

0.4

0.2

0.2

0.1

0

1

2

3

4

5

6

7

8

9

conf.(CP,small)
non−conf.(CP,small)
conf.(MIP,small)
non−conf.(MIP,small)

0.6

0.5
Execution time (sec)

1

non−cons.(N=15)
non−cons.(N=30)
infeas.(N=15)
infeas.(N=30)

Execution time (sec)

1.2

Execution time (sec)

0.7

consist.(N=100)
consist.(N=500)
consist.(N=1000)
feas.(N=100)
feas.(N=500)
feas.(N=1000)

0

10

1

2

3

4

5

Arity

6

7

8

9

0

10

2

3

4

5

6
Arity

Arity

(a) Consistency checking

(b) Inconsistency checking

7

8

9

10

(c) Conformance checking
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Figure 7.4: Experiments results for medium domains
the `Xpress-Kalis' CP engine performs bound consistency so this is the main reason (as
explained in the previous subsection) of the exponential behavior of CP. Of course, even if
a better technique was used, solving time would be again greater for CP with respect to
MIP. Secondly, MIP uses rstly the linear relaxation of a MIPP in order to solve it so it
quickly detects the inconsistency or conformance of linear MIPPs. This is the main reason
why MIP is much more quicker than CP in these type of CSPs/MIPPs.

7.2.3 Randomized Evaluation of MIP-based Matchmaking Algorithms
In this subsection, we present and analyze the results of a set of experiments carried out in
a randomized way for testing the performance and accuracy of our MIP-based QoS-based
WS matchmaking algorithms.
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Experimental Setup
The algorithms and their experiments were implemented in Matlab. Matlab was selected as
it o ers a user-intuitive modeling, building, runtime and debugging environment and convenient facilities for creating graph les and saving them as images. However, its optimization
package (providing optimization solving routines) could not solve MIP problems so we decided to use a free evaluation version of DashOptimization's XPressMP product and Java as
the `glue' language. The tests were performed on a computer with Microsoft Windows XP
Home as the operating system, a 1.8Ghz AMD Athlon microprocessor and 512 megabytes
of RAM.
In each experiment a series of tests were executed. The number of these tests depended
on the step of increase on one tuning parameter (e.g. a value from 10 to 50 with step
10 translates to ve tests) while the other tuning parameters had speci c values. This
type of parameters was used for constructing a speci c random input to the matchmaking
algorithms. Each test was executed 30 times producing 30 values for each measured metric
for every algorithm. From these 30 values, only the average or minimum was registered
depending on the nature of the measured metric. So in the end of each test, every algorithm
had exactly one value registered for each metric.

Tuning parameters Tuning parameters were used for constructing a speci c random
input, common to every matchmaking algorithm at each run of a test. The tuning parameters
taken into account were the following:
•

adscn : this parameter indicates the number of QoS o ers that have to be constructed
from a speci c random QoS demand.

•

matchper : this parameter indicates the percentage of QoS o ers that are conforming
to the random QoS demand. In addition, it indirectly indicates the percentage of
non-conforming QoS o ers. There will be a total of m = round (adscn · matchper)
matching QoS o ers and a total of nm = adscn − m non-matching QoS o ers in the
randomly constructed input.

•

bmper : this parameter indicates the percentage of super o ers among all matching
o ers. In addition, it indirectly indicates the percentage of exact o ers among all
matching o ers. There will be a total of: b = round (bmper · m) super o ers and a
total of e = m − b exact o ers in the randomly constructed input. This parameter
also controls the recall accuracy metric of the MIPconf algorithm as it expresses the
percentage of `false negatives' that will be produced from this algorithm.

•

partper : this parameter indicates the percentage of partial o ers among all nonconforming QoS o ers. It also indirectly indicates the percentage of fail o ers among
all non-conforming QoS o ers. There will be a total of p = round (partper · nm) partial
o ers and a total of f = nm − p fail o ers in the randomly constructed input.

•

arity : this parameter indicates the arity of the constraints i.e. the max number of
variables participating in the constraints set.
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•

metrcn : each randomly produced QoS-based WS speci cation contains metrcn number
of metrics and 4 · metrcn constraints. For every QoS speci cation, each metric has 2
constraints indicating the limits of its type (e.g. for a real valued metric in [1,3] we
have the constraints: x ≥ 1 and x ≤ 3) and 2 constraints indicating the limits of the
speci cation (e.g. for the same metric we can have x ≤ 2 and x ≥ 2).

•

realper : this parameter indicates the percentage of real valued metrics among all
metrics. In addition, it indirectly indicates the percentage of integer valued metrics
among all metrics. There will be r = round (realper · metrcn) real valued metrics and
i = metrcn − r integer valued metrics in each randomly constructed QoS-based WS
speci cation. Each real valued metric takes just one of the three available real types
randomly. These types are: [0:0; 1:0], [0:0; 100:0] and [0:0; 1000:0].

•

sintper : this parameter indicates the percentage of short int valued metrics (values in [0,255]) among all metrics. In addition, it indirectly indicates the percentage of long int valued metrics (values in [0,65535]) among all metrics. There will be
si = round (sintper · i) short int valued metrics and li = i − si long int valued metrics in each randomly constructed QoS-based WS speci cation. According to Cortes
et. al. [CMDTT05], increasing the percentage of long integers causes matchmaking
execution time to increase.

•

hardstat : this parameter indicates if all constraints in the QoS demand are hard or
not. If yes, then all constraints have weight equal to 10.0. If not, then some constraints
are randomly selected to be hard and some to be soft (weight is in (0.0,1.0)). In all
the conducted experiments, all constraints were considered to be hard.

Comparison metrics Comparison metrics are actually parameters used to compare the

performance of the algorithms under consideration. For our experiments, we used the following:
•

Matchmaking time : this parameter indicates the average execution time of a matchmaking algorithm for the 30 runs of each test.

•

Precision : QoS-based WS matchmaking is an instance of an information retrieval
problem. There are two popular metrics for measuring the accuracy of an information
system: precision and recall. If correct is the set of correct results and ret is the
∩ret|
set of returned results, then precision is expressed as: |correct
. Each run not only
|ret|
randomly creates a set of QoS o ers and one demand but also creates the accurate
categories of results for the purpose of our evaluation. So it creates the following sets:
super, exact, partial and fail. In each run, algorithms MIPconf , MIPcond−conf and
MIPopt produce the following results: exacti and faili , where i is one of MIPconf ,
exact)∩exacti |
MIPcond−conf and MIPopt . Thus, their precision is: preci = |(super∪|exact
. In
i|
each run, algorithm MIPunary produces the following results: superi , exacti , partiali
)∩(superi ∪exacti )|
and faili , where i is 3. Its precision is: preci = |(super∪exact
. After the
|superi ∪exacti |
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execution of 30 runs, each algorithm will have as its precision the minimum of the
precision over all runs. In other words, precisioni = min (preci ).
•

•

∩ret|
Recall : Based on the previous analysis, recall is expressed as: |correct
|correct| . In each run,
∪exact)∩exacti |
the recall of algorithms MIPconf , MIPcond−conf and MIPopt is: reci = |(super
|super∪exact|
)∩(superi ∪exacti )|
and the recall of algorithm MIPunary is: reci = |(super∪exact
. In
|super∪exact|
the same manner, after 30 runs, all algorithms will have as their recall: recalli =
min (reci ).

Len : this parameter indicates the average size of the matching results for the 30
runs of each test. For algorithms MIPconf , MIPcond−conf and MIPopt each run has:
Len = |matchi |. For algorithm MIPunary each run has: Len = |superi ∪ matchi |.

Input creation
As explained previously, each test of an experiment created a series of 30 runs. At each
execution of a run, a new random input was created based on the values of the tuning
parameters. Then this input was fed to the matchmaking algorithms. After the execution
of these algorithms, the values of the comparison metrics for every algorithm were derived.
A new random input was created for each run in order to test the matchmaking algorithms
with di erent input elements each time. However, it must be indicated that the number of
input elements remained constant at each test.
Each random input construction created one QoS demand and adscn QoS o ers. The
QoS demand was created rst having metrcn QoS metrics and 4 · metrcn unary constraints,
as was explained earlier. Each metric was granted with a random value type (real, short
or long int) according to the realper and sintper tuning parameters. In addition, the
monotonicity of each metric was assigned randomly. Suppose x is the 1 × metrcn array of
metrics, then the QoS demand could be expressed as: [blcD ≤ x ≤ bucD ; blx ≤ x ≤ bux],
where blx, bux are 1 × metrcn arrays indicating the low and upper limit respectively of the
value types of each metric and blcD , bucD are 1 × metrcn arrays indicating the low and
upper limit respectively of each metric enforced by the QoS demand.
After demand creation, adscn QoS o ers were created. Initially, each QoS o er was just
a copy of the QoS demand. Then each QoS o er was randomly classi ed as super, exact,
partial or fail according to the matchper, bmper and partper tuning parameters:
•

If o er j was classi ed as super, then a random number of metrics (< metrcn) was
selected. If selected metric i was positively monotonic, then its limits were changed
to: blcD (i) < blcj (i) < bucD (i) and bucD (i) < bucj (i) ≤ bux(i). Otherwise, its limits
were changed to: blx(i) ≤ blcj (i) < blcD (i) and blcD (i) < bucj (i) ≤ bucD (i). The
other not selected metrics had their limits changed to: blcD (i) < blcj (i) < bucD (i) and
blcj (i) ≤ bucj (i) < bucD (i).

•

If o er j was classi ed as exact, then all metrics had their limits changed to: blcD (i) <
blcj (i) < bucD (i) and blcj (i) ≤ bucj (i) < bucD (i).
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•

If o er j was classi ed as partial, then a random number of metrics (< metrcn) was
selected. If selected metric i was negatively monotonic, then its limits were changed
to: blcD (i) < blcj (i) < bucD (i) and bucD (i) < bucj (i) ≤ bux(i). Otherwise, its limits
were changed to: blx(i) ≤ blcj (i) < blcD (i) and blcD (i) < bucj (i) ≤ bucD (i). The
other not selected metrics had their limits changed to: blcD (i) < blcj (i) < bucD (i) and
blcj (i) ≤ bucj (i) < bucD (i).

•

If o er j was classi ed as fail, then for each metric i we had the following cases: If it
was negatively monotonic, then its limits were changed to: blcD (i) < blcj (i) < bucD (i)
and bucD (i) < bucj (i) ≤ bux(i). Otherwise, its limits were changed to: blx(i) ≤
blcj (i) < blcD (i) and blcD (i) < bucj (i) ≤ bucD (i).

Thus, in the end, each o er j could be expressed as: [blcj ≤ x ≤ bucj ; blx ≤ x ≤ bux].
P
xi −pmini
For algorithm MIPopt , each QoS speci cation is enriched with the objective: i∈↑ pmax
∗
i −pmini
P
pmaxi −xi
wi + i∈↓ pmaxi −pmin ∗ wi ,where i ∈↑ means metric i is positively monotonic, i ∈↓ means
i
metric i is negatively monotonic, xi is metric's i MIP variable, wi is the weight of the metric,
pmaxi = max (maxj (bucj (i)) ; bucD (i)) and pmini = min (minj (blcj (i)) ; blcD (i)) for every
metric i and o er j .
It must be noted that all QoS metrics were considered \insensitive". This means that
only one of the constraints of the QoS demand was respected for each of the QoS metrics.
For this reason, we expect that the performance of the MIPcond−conf will be a little better
than expected. In addition, it must be remarked that in our experiments we considered
that all QoS o ers and demands had constraints on the same set of QoS metrics. It's like
assuming that the QoS-based WS alignment algorithm was totally successful in achieving
his goal. In reality, this is not the right case.

Results
In order to experimentally evaluate the performance and accuracy of the four MIP-based
QoS-based WS matchmaking algorithms in di erent settings, a series of eight (8) experiments were conducted. Each experiment had the following values for the tuning parameters: adscn = 10, matchper = 0:5, bmper = 0:4, partper = 0:5, arity = 1, metrcn = 10,
realper = 0:5, sintper = 0:5, hardstat = 1, unless otherwise stated. Note that at each
experiment a tuning parameter was increasing its value according to a speci c step until a
speci c upper limit.
In the rst conducted experiment, we increased the number of QoS o ers in order to
observe the performance of the matchmaking algorithms. We expected a linear increasing
performance behavior for all algorithms according to the time complexity analysis of the
previous section (time was proportional to the number of QoS O ers). Indeed, as can be
seen in Figure 7.5(a), this is the case. In addition, algorithm MIPopt was the fastest followed
by algorithms MIPcond−conf , MIPconf and MIPunary in decreasing order of performance.
This was also indicated by the time complexity analysis of the previous section, although
we were not quite sure if T o2MM ≈ TM2M +1 . As far as accuracy is concerned, all algorithms
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Figure 7.5: 1st Experiment results
had precision = 1:0, except from algorithm MIPopt whose precision ranged from 0.60 to
0.76. This is indicated in Figure 7.5(b). Recall was also 1.0 for all algorithms except from
algorithm MIPconf that had recall always equal to 0.6. This was also predicted as the
percentage of super matches among all matches is the same as the percentage of `false
negatives' produced by algorithm MIPconf . For the majority of the experiments, we had
bmper = 0:4 and matchper = 0:5, so the accuracy of the algorithms did not change unless
these two parameters were altered. As far as size of matchmaking results is concerned,
algorithms MIPcond−conf and MIPunary always returned the right number of matchmaking
results while algorithm MIPconf returned 40% less results and algorithm MIPopt returned
more results (from 1 to 6 more increasingly). This is indicated in Figure 7.5(c).
In the second experiment, we increased the number of QoS metrics in order to observe
the performance of the matchmaking algorithms. We expected a linear increasing performance behavior for all algorithms according to the time complexity analysis of the previous
section. However, as can be seen in Figure 7.6(a), this is not exactly the case. Indeed, algorithms MIPconf , MIPcond−conf and MIPunary had a linear increasing performance behavior
(their matchmaking time is proportional to the number of metrics) and their performance
order did not change. But algorithm's MIPopt matchmaking time increased in a very little
manner. This can be explained as follows: matchmaking time of algorithm MIPopt is not
proportional to the number of QoS metrics but is proportional to the solving time of a
MIPOP with 2 ∗ M unary constraints, M metrics and one linear objective referencing all
metrics. While the number of metrics increases, this solving time increases very slightly
due to the advanced MIP solving techniques and to the fact that only unary constraints
are dealt with. Concerning accuracy, recall did not change for all algorithms. Precision was
again 1.0 for algorithms MIPconf , MIPcond−conf and MIPunary while algorithm MIPopt
has its precision ranging from 0.62 to 0.72. Concerning size of matchmaking results, algorithms MIPconf , MIPcond−conf and MIPunary were returning a speci c amount of results
while algorithm MIPopt was returning almost 1 result more than the amount of results of
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Figure 7.6: 2nd Experiment results
Algorithms MIPcond−conf and MIPunary . However, it can be seen from Figure 7.6(b), as
the amount of metrics increases, the probability of returning 1 more result decreases for
algorithm MIPopt . For 100 metrics, algorithm MIPopt did not produce more results for
almost half of the (30) runs.
In the third experiment, we increased the percentage of matched QoS o ers among
the xed-sized population of QoS o ers (adscn = 30). As can be seen in Figure 7.7(a),
algorithm MIPopt exhibited a stable behavior while algorithms MIPconf and MIPcond−conf
exhibited a linear increasing performance behavior and algorithm MIPunary exhibited a
linear decreasing behavior. There is an explanation for this kind of behavior: algorithm
MIPopt spends a constant amount of time in order to gure out if one QoS o er is conforming
or not to the QoS demand and as long as the amount of QoS o ers and metrics remain
constant so does its whole matchmaking time. On the other hand, for each QoS o er,
algorithms MIPconf and MIPcond−conf spend time depending on the position of the rst
violating constraint in the order of the constraints. When the percentage of matching QoS
o ers increases, the total percentage of violating constraints decreases so these algorithms
will have to do more and more work. Algorithm's MIPunary performance is explained based
on the fact that solving consistent problems takes more than solving inconsistent problems.
So when only non-conforming QoS o ers are present, the ratio of consistent to inconsistent
problems is the highest and the matchmaking time is the highest. But as the amount of
conforming o ers increases, the previous ratio decreases and so does the matchmaking time.
So, when there are only conforming o ers, the matchmaking time gets its smallest value.
Another thing that must be pointed out is that algorithms MIPconf and MIPunary have
the same performance when matchper = 0:0 while algorithm MIPcond−conf has the best
performance. But as matchper increases, algorithm MIPopt shows stable performance and
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Figure 7.7: 3rd Experiment results
outperforms algorithm MIPcond−conf when matchper takes the value of 0.3.
As far as accuracy is concerned, recall for all the algorithms was the same as in the
previous experiments. But precision was 1 for all the algorithms except from algorithm
MIPopt . As can be seen from Figure 7.7(b), precision of algorithm MIPopt increased from
0.0 to 1.0 step-wise linearly. This increase is explained as follows: when the number of
conforming results increases, the corresponding number of non-conforming results decreases
and so does the possibility of promoting a partial result to the exact matches list. Concerning size of matching results, algorithms MIPcond−conf and MIPunary returned the same
amount of results. Of course, this amount was increasing as the number of conforming offers was increasing. Algorithm MIPconf presented the same behavior but it was returning
less results than the other two algorithms based on the `negative positives' e ect. Finally,
algorithm MIPopt had the same behavior but it was returning more results than algorithms
MIPcond−conf and MIPunary until matchper got the value of 1.0. This is indicated in
Figure 7.7(c).
In the fourth experiment, we increased the percentage of super matches among the xedsized population of QoS o ers (adscn = 20). Concerning matchmaking time, algorithms
MIPcond−conf and MIPopt exhibited an almost stable behavior while algorithm MIPconf
and MIPunary exhibited a decreasing linear behavior. The behavior of algorithm MIPconf
can be explained as follows: better matching QoS o ers are `false negatives' for this algorithm
so their increase causes a decrease in the number of matched QoS o ers and nally in the
matchmaking time. The behavior of algorithm MIPunary can be explained as follows: each
QoS o er is ranked as super match when all M `interesting' problems are infeasible and 1
out of M `non-interesting' problems is feasible. On the other hand, a QoS o er is ranked
as exact match when all M `interesting' problems are infeasible and all M `non-interesting'
problems are infeasible. So matchmaking takes longer for exact matches than for super
matches. Thus, as super matches increase and exact matches decrease, the matchmaking
time will decrease. Algorithm's MIPopt behavior was totally expected as this algorithm's
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Figure 7.8: 4th Experiment results
matchmaking time depends mainly on the number of QoS o ers which remains constant
throughout this experiment. In addition, algorithm MIPcond−conf does not distinguish
between super and exact matches and takes the same time for each conforming o er. So as
long as the number of conforming o ers does not change, so does the matchmaking time of
this algorithm. The above results can be seen in Figure 7.8(a).
Concerning accuracy, all algorithms had precision equal to 1.0 except from algorithm
MIPo pt that its precision ranged from 0.66 to 0.77. Recall was also again 1.0 for all algorithms except algorithm MIPconf . As can be seen from Figure 7.8(b), recall of algorithm MIPconf decreases in the same amount as bmper increases. So, indeed, better match
o ers represent `false negatives' for Algorithm 1. Thus, we can de nitely express that:
rec1 = 1 − bmper. As far as size of matching results is concerned, the `false negatives' e ect
in uences the results size of algorithm MIPconf which decreases linearly until it gets zero
when bmper = 100%. The behavior of the four algorithms on this comparison metric can
be seen in Figure 7.8(c).
In the fth experiment, we increased the percentage of partial matches among the xedsized population of QoS o ers (adscn = 20). As can be seen in Figure 7.9(a), algorithms
MIPunary and MIPopt had a stable behavior while the rest of the algorithms exhibited
a small increasing linear behavior. This kind of behavior can be explained. Algorithm
MIPopt does the same work when the number of QoS o ers does not change. As long as
matchper! = 0, algorithm MIPunary performs the same amount of work for every nonconforming QoS o er. On the other hand, the rest of the algorithms do considerably more
work for partial results than for fail results so when the number of partial results increases
so does the whole matchmaking execution time.
Concerning recall, algorithms MIPcond−conf , MIPunary and MIPopt had recall equal
to 1.0 while algorithm MIPconf had recall equal to 1 − bmper. But for precision and size
of matchmaking results, although algorithms MIPconf , MIPcond−conf and MIPunary had
precision equal to 1.0 and a constant amount of results, this was not the case for algorithm
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Figure 7.9: 5th Experiment results
MIPopt . The latter algorithm had its precision decreasing stepwise linearly and the size of
matching results increasing stepwise linearly. These results can be seen in Figures 7.9(b)
and 7.9(c). The behavior of algorithm MIPopt can be explained as follows: When the
number of partial results increases, the possibility of promoting a partial result to the exact
match list increases. So the number of matching results increases as more partial results are
promoted. Thus, precision decreases as more not accurate results are returned.
In the sixth and seventh experiments, we had adscn = 10, metrcn = 20 and we increased
the percentage of real-valued QoS metrics and short-integer-valued QoS metrics, respectively,
in the QoS-based WS speci cations. The results were exactly the same and are shown in
Figure 7.10(a). More speci cally, all algorithms had approximately a stable performance
behavior. This can be explained as follows: MIP uses better techniques for feasibility
checking than CP. These techniques do not depend on the size of the domain of the variables.
In addition, as we are dealing with unary constraints, integer variables do not play an
important role in the MIP solving time. The results on accuracy are the same as the results
in experiments one and two. Concerning the size of conforming results, all algorithms
exhibited a stable behavior and this is indicated in Figure 7.10(b).
In the last experiment, we had metrcn = 10, matchper = 0:0 and we were increasing
the number of QoS o ers. We wanted to observe the performance of the algorithms when
there are no matches (i.e. the QoS demand is over-constrained). Figure 7.11(a) shows
the produced results. Algorithm MIPunary exhibited a big linear increasing performance
behavior while the rest of the algorithms exhibited a very small linear increasing performance
behavior. This can be explained as follows: Algorithm MIPunary spends a speci c amount
of time for each non-conforming QoS o er. So as the number of non-conforming QoS o ers
increases, so does the matchmaking time. On the other hand, algorithms MIPconf and
MIPcond−conf need only to solve one to three MIPPs, in average, each of the time for every
QoS o er. That's why their matchmaking time increases so slowly. Algorithm's MIPopt
behavior is the same as that of the rst experiment. This indicates that the latter algorithm's
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Figure 7.10: 6th Experiment results
performance is not in uenced by the fact that all QoS o ers were non-conforming ones. It
must also be noted that algorithms MIPconf and MIPopt had exactly the same performance
behavior.
In this type of experiment, we cannot de ne accuracy. However, we can compare
these algorithms on the size of conforming results. As expected, algorithms MIPconf and
MIPcond−conf do not produce any result. On the other hand, algorithm MIPunary always
produces exactly one result that violates the smallest number of QoS demand's constraints.
Finally, algorithm's MIPopt number of results was increasing linearly, as can be seen from
Figure 7.11(b).

7.2.4 Unary Semi-random Evaluation of MIP-based Matchmaking Algorithms
In the second series of experiments we wanted to evaluate our MIP-based QoS-based WS
matchmaking algorithms with QoS-based WS speci cations that have speci c content. With
speci c content, we mean that speci c QoS metrics which have speci c sensitivity and monotonicity and speci c domain of values were involved in unary constraints in the speci cations.
From the set of these QoS metrics, some of them were domain-independent and the others
were domain-dependent taken from the application domain of Trac Monitoring. Now we
analyze one by one all QoS metric involved:
•

The rst QoS metric was the MTBF metric which is domain-independent and measured the QoS attribute of Reliability. This metric was \insensitive" and positively
monotonic. Its domain of values was the set of integers [0; 365].
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Figure 7.11: 7th Experiment results
•

The second QoS metric, Xde , was again domain-independent and measured the QoS
attribute of Data Encryption. This metric was \sensitive" and positively monotonic.
Its domain of values was mapped to the integers set [1,5].

•

The third QoS metric, Xrt , was domain-dependent and measured the QoS attribute
of Refresh Time. This metric was \sensitive" and negatively monotonic. Its domain
of values was the reals set [0.0,4.0].

•

The fourth QoS metric, Xet , was domain-independent and measured the QoS attribute
of Execution Time. This metric was \sensitive" and negatively monotonic. Its domain
of values was the reals set [0.0,10.0].

•

The fth QoS metric, Xavail , was domain-independent and measured the QoS attribute
of Availability. This metric was \insensitive" and positively monotonic. Its domain of
values was the reals set [0.0,1.0].

•

The sixth QoS metric, Xrep , was domain-independent and measured the QoS attribute
of Reputation. This metric was \insensitive" and positively monotonic. Its domain of
values was mapped to the integers set [1,5].

•

The seventh QoS metric, Xprice , was domain-independent and measured the QoS attribute of Price. This metric was \insensitive" and negatively monotonic. Its domain
of values was the reals set [100.0,1000.0].

•

The eighth QoS metric, Xacc , was domain-dependent and measured the QoS attribute
of Accuracy. This metric was \sensitive" and positively monotonic. Its domain of
values was the reals set [0.0,1.0].

168

CHAPTER 7. EVALUATION
•

The ninth QoS metric, Xcompl , was domain-dependent and measured the QoS attribute
of Completeness. This metric was \sensitive" and positively monotonic. Its domain of
values was the reals set [0.0,1.0].

•

The tenth QoS metric, Xvalid , was domain-dependent and measured the QoS attribute
of Validity. This metric was \sensitive" and positively monotonic. Its domain of values
was the reals set [0.0,1.0].

•

The eleventh QoS metric, Xtmlness , was domain-dependent and measured the QoS
attribute of Timeliness. This metric was \sensitive" and positively monotonic. Its
domain of values was the reals set [0.0,1.0].

•

The twelfth QoS metric, Xca , was domain-dependent and measured the QoS attribute
of Covered Area. This metric was \insensitive" but did not have monotonicity. Its
domain of values was the String set {\NE",\NW",\SE",\SW"}.

•

The thirteenth QoS metric, Xrs , was domain-dependent and measured the QoS attribute of Routes Set. This metric was \insensitive" but did not have monotonicity.
Its domain of values was the String set {\national",\interstate",\local",\downtown"}.

The fourteenth QoS metric, Xdl , was domain-dependent and measured the QoS attribute of Detail Level. This metric was \insensitive" but did not have monotonicity.
Its domain of values was the String set {\accidents",\trac jams",\closed routes",
\detours",\predictions",\localization",\tolls"}.
This means that we had 8 out of 14 QoS metrics as \sensitive" (while the last three
\insensitive" QoS metrics do not have monotonicity so they do not actually count) so we
expected that the execution time di erence between the MIPconf and MIPcond−conf algorithms will be the smallest possible. All QoS metrics were taking values in their constraints
from their domain of values. Thus, in this series of experiments the code for producing the
QoS-based WS speci cation was altered. However, the algorithms were not changed at all
except from one point. This was the fact that the last 3 QoS metrics had as their scale the
nominal scale. So matchmaking an o er and a demand with respect to these metrics had to
use di erent semantics: subset semantics (i.e these metrics were represented as string sets
and an appropriate facility of XPressMP was used to check if one set was a subset of the
other).
Another point that must be made is that the testing framework used was the same as in
the previous series of experiments. As we said only the code for producing QoS specs was
altered and slightly the matchmaking algorithms. In addition, the parameters for controlling
the number of QoS metrics and the percentages of real and int variables remained xed as
we had xed QoS metrics.
•

Results
In order to experimentally evaluate the performance and accuracy of the our MIP-based QoSbased WS matchmaking algorithms in di erent settings, a series of ve (5) experiments were
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conducted. Each experiment had the following values for the tuning parameters: adscn = 30,
matchper = 0:5, bmper = 0:4, partper = 0:5, arity = 1, metrcn = 14, hardstat = 1, unless
otherwise stated. Each experiment was repeated again for 30 times. Note that at each
experiment a tuning parameter was increasing its value according to a speci c step until a
speci c upper limit. It must be remarked that we neglected the MIPunary algorithm from
these tests as its performance and accuracy would not be greatly altered so there was no
point in evaluating it and commenting again for the same results.
In the rst conducted experiment, we increased the number of QoS o ers in order to
observe the performance of the matchmaking algorithms. We expected a linear increasing
performance behavior for all algorithms according to the time complexity analysis of the
previous section (time was proportional to the number of QoS O ers). Indeed, as can
be seen in Figure 7.12(a), this is the case. In addition, algorithm MIPopt was the fastest
followed by algorithms MIPconf and MIPcond−conf in decreasing order of performance. This
is slightly di erent from what were expecting from the theoretical analysis of the latter two
algorithms and the corresponding result from the rst series of experiments. However, this
result can be explained. Although the MIPcond−conf algorithm may solve one or maybe
two less MIPPs than the MIPconf , it has more complicated code and as the MIP solving
engine we use is very fast and reuses the results of the previous MIPP solvings, it reverses
the former advantage. As far as accuracy is concerned, all algorithms had precision = 1:0,
except from algorithm MIPopt whose precision ranged from 0.60 to 0.7 increasingly. This
is indicated in Figure 7.12(b). Recall was also 1.0 for all algorithms except from algorithm
MIPconf that had recall always equal to 0.6 (see Figure 7.12(c)). This was also predicted as
the percentage of super matches among all matches is the same as the percentage of `false
negatives' produced by algorithm MIPconf . For the majority of the experiments, we had
bmper = 0:4 and matchper = 0:5, so the accuracy of the algorithms did not change unless
these two parameters were altered. As far as size of matchmaking results is concerned,
algorithm MIPcond−conf always returned the right number of matchmaking results while
algorithm MIPconf returned 40% less results and algorithm MIPopt returned more results.
In the second experiment, we increased the percentage of matched QoS o ers among
the xed-sized population of QoS o ers (adscn = 30). As can be seen in Figure 7.13(a),
algorithm MIPopt exhibited a stable behavior while algorithms MIPconf and MIPcond−conf
exhibited a linear increasing performance behavior. This behavior was explained in the
rst series of experiments. Another thing that must be pointed out is that again MIPconf
algorithm is better than the MIPcond−conf . MIPopt comes third but as matchper increases,
it shows stable performance and outperforms the other algorithms when matchper goes
beyond 0.4. This is slightly di erent from the rst series of experiments where this take over
happened a little earlier.
As far as accuracy is concerned, recall for all the algorithms was the same as in the previous experiments. But precision was 1 for all the algorithms except from algorithm MIPopt .
As can be seen from Figure 7.13(b), precision of algorithm MIPopt increased from 0.0 to 1.0
exponentially. This increase is explained as follows: when the number of conforming results
increases, the corresponding number of non-conforming results decreases and so does the
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Figure 7.12: 1st Experiment results
possibility of promoting a partial result to the exact matches list. Concerning size of matching results, algorithm MIPconf consistently returned less results than the MIPcond−conf
algorithm based on the `negative positives' e ect. Finally, algorithm MIPopt returned more
results than the other two algorithms until matchper got the value of 1.0.
In the third experiment, we increased the percentage of super matches among the xedsized population of QoS o ers (adscn = 30). Concerning matchmaking time, algorithms
MIPcond−conf and MIPopt exhibited an almost stable behavior while algorithm MIPconf
exhibited a decreasing linear behavior. This is much the same results as those of the rst
series of experiments. The only di erence is than now MIPcond−conf outperforms the other
algorithms earlier, which is easy to explain as in the rst series of experiments we had 10
\insensitive" metrics and now we actually have only 3. The above results can be seen in
Figure 7.14(a). Concerning recall (see Figure 7.14(b)), precision and size of results (see
Figure 7.14(c)) we have absolutely the same picture with the corresponding results of the
previous series of experiments.
In the fourth experiment, we increased the percentage of partial matches among the
xed-sized population of QoS o ers (adscn = 20). As can be seen in Figure 7.15(a), all
algorithms exhibited a not very stable behavior. However, similarly to the corresponding
result of the rst series of experiments, the MIPconf and MIPcond−conf algorithms had an
increasing behavior while in average the MIPopt algorithm had a stable behavior. All these
facts were justi ed in the previous set of experiments.
Concerning recall, algorithms MIPcond−conf and MIPopt had recall equal to 1.0 while
algorithm MIPconf had recall equal to 1− bmper. But for precision and size of matchmaking
results, although algorithms MIPconf and MIPcond−conf had precision equal to 1.0 and a
constant amount of results, this was not the case for algorithm MIPopt . The latter algorithm
had its precision decreasing stepwise linearly and the size of matching results increasing
stepwise linearly. These results can be seen in Figures 7.15(b) and 7.15(c). The behavior of
algorithm MIPopt was explained in the rst series of experiments.
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Figure 7.13: 2nd Experiment results
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Figure 7.14: 3rd Experiment results
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Figure 7.15: 4th Experiment results
In the last experiment, we had matchper = 0:0 and we were increasing the number of
QoS o ers. We wanted to observe the performance of the algorithms when there are no
matches (i.e. the QoS demand is over-constrained). Figure 7.16(a) shows the produced
results. This performance is almost the same with the one we discovered in the rst series
of experiments. The only di erence from the picture we got from the previous results of this
series of experiments is that now MIPcond−conf is better than MIPconf .
In this type of experiment, we cannot de ne accuracy. However, we can compare
these algorithms on the size of conforming results. As expected, algorithms MIPconf and
MIPcond−conf do not produce any result. On the other hand, algorithm's MIPopt number
of results was increasing linearly, as can be seen from Figure 7.16(b).
As can be seen from the rst two series of experiments, the behavior of the MIPopt has
remained almost the same and the best from all other algorithms (if we forget about precision). The only observed change is that the MIPconf is slightly faster than the MIPcond−conf
algorithm in the second series. We believe that if we had tested the MIPunary algorithm, its
results would have been almost identical. So the main conclusion is that our two MIP-based
QoS-based WS matchmaking algorithms had a speci c performance behavior during these
two series of experiments which was totally expected.

7.2.5 N-ary Semi-random Evaluation of MIP-based Matchmaking Algorithms
In the third series of experiments our main goal was to introduce n-ary constraints to the
semi-random framework of the previous set of experiments in order to observe the changes
of the performance and accuracy of the matchmaking algorithms. We tried to produce n-ary
constraints for both QoS o ers and demands but we failed to do so based on the types of
constraints we chose to represent, as it was too dicult to create a matching QoS o er
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Figure 7.16: 5th Experiment results
after the creation of the QoS demand. So we chose to create only unary QoS demands.
Thus, based on a randomly-created unary QoS demand and the tuning parameters, we were
constructing/creating the corresponding n-ary QoS o ers. The non-unary constraints we
used for populating the QoS o ers were the following:
•

0:3
Xavail = 0:4 + 365
∗ MT BF + 0:03 ∗ (Xrt + 6), where Xavail , MT BF and Xrt are
metrics de ned in the previous set of experiments.

•

Xet = 1 + (4 − Xrt ) ∗ 0:9 ∗ 2:5

•

P1 = rand(0; 50) + rand(10; 50) ∗ (10 − Xet ), where by rand(x1 ; x2 ) we mean that we
produced randomly a number between x1 and x2 exclusive.

•

P2 = rand(0; 50) + Xavail ∗ rand(10; 50)

•

1
P3 = rand(0; 50) + rand(10; 50) ∗ MT BF ∗ 365

•

P4 = rand(10; 50) ∗ Xde

•

P5 = rand(0; 50) + rand(10; 50) ∗ (4 − Xrt )

•

P6 = rand(10; 50) ∗ Xacc

•

P7 = rand(10; 50) ∗ Xcompl

•

P8 = rand(10; 50) ∗ Xvalid

•

P9 = rand(10; 50) ∗ Xtmlness
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•

D ), where size(X ∩ X D ) means the size of the
P10 = rand(10; 50) ∗ size(Xca ∩ Xca
ca
ca
common values of the Covered Area QoS metric for both the QoS o er and the demand

•

D ), where size(X ∩ X D ) means the size of the
P11 = rand(10; 50) ∗ size(Xrs ∩ Xrs
rs
rs
common values of the Routes Set QoS metric for both the QoS o er and the demand

•

P12 = rand(10; 50) ∗ size(Xdl ∩ XdlD ), where size(Xdl ∩ XdlD ) means the size of the
common values of the Detail Level QoS metric for both the QoS o er and the demand

•

Xprice = P1 + P2 + P3 + P4 + P5 + P6 + P7 + P8 + P9 + P10 + P11 + P12

The rst constraint correlates Availability with Reliability and Refresh Time (actually the
metrics of these three QoS attributes). The second constraint correlates Execution Time
with Refresh Time. The other constraints actually constitute the pricing model of the QoS
o er. As it can be understood, the price of the QoS O er depends and is actually calculated
from the other QoS attributes, where each Pi is the part (of the price) corresponding to any
of the other 13 QoS attributes. Of course, besides these non-unary constraints for three of
the QoS attributes/metrics (Execution Time, Availability and Price ), the o er contains 2
unary constraints for these 3 metrics (for indicating their value type) and 4 unary constraints
(2 indicating the value type of the metric and 2 for the actual range of values o ered) for
the rest of the QoS metrics. It must be noted that all other details related to the conduction
of this series of experiments are the same with those of the previous set of experiments (the
unary semi-random evaluation). So let us now present and explain the results produced.

Results
In order to experimentally evaluate the performance and accuracy of the our MIP-based QoSbased WS matchmaking algorithms in di erent settings, a series of ve (5) experiments were
conducted. Each experiment had the following values for the tuning parameters: adscn = 30,
matchper = 0:5, bmper = 0:4, partper = 0:5, arity = 2 (means not unary), metrcn = 14,
hardstat = 1, unless otherwise stated. Each experiment was repeated for 20 times (less than
before because of instability of the software we were using). Note that at each experiment a
tuning parameter was increasing its value according to a speci c step until a speci c upper
limit. It must be remarked that we neglected the MIPunary algorithm for the same reason
as the one of the previous set of experiments.
In the rst conducted experiment, we increased the number of QoS o ers in order to
observe the performance of the matchmaking algorithms. We expected a linear increasing
performance behavior for all algorithms according to the time complexity analysis of the
previous section (time was proportional to the number of QoS O ers). Indeed, as can
be seen in Figure 7.17(a), this is the case. In addition, algorithm MIPopt was the fastest
followed by algorithms MIPconf and MIPcond−conf which had almost the same performance.
So the gap between the latter two algorithms experienced in the corresponding experiment
of the previous series has closed. Another thing that must be pointed out is that all of the
algorithms had almost the same performance as in the previous set of experiments so they
were not actually in uenced by the introduction of the non-unary constraints in the o ers.
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Figure 7.17: 1st Experiment results
This came as a surprise to us (the gap closing was expected) but then we could explain it
because a) most of the time the constraints that had to be solved were trivial (the usual case
was that the contradictory or not constraints { involving the same variable { were unary as
only 3 out of the 11 metrics had complex constraints); b) MIP solving for linear constraints
is really fast and as long as there are not a lot of non-unary constraints involving a lot of
variables, then the solving time is almost stable.
As far as accuracy is concerned, all algorithms had precision = 1:0, except from algorithm MIPopt whose precision ranged from 0.50 to 0.6 increasingly (it is lower with respect
to the previous set of experiments). This is indicated in Figure 7.17(b). Recall was also
1.0 for all algorithms except from algorithm MIPconf that had recall always equal to 0.6
(the usual case for speci c values of the tuning parameters) (see Figure 7.17(c)). As far
as size of matchmaking results is concerned, algorithm MIPcond−conf always returned the
right number of matchmaking results while algorithm MIPconf returned 40% less results
and algorithm MIPopt returned more results.
In the second experiment, we increased the percentage of matched QoS o ers among
the xed-sized population of QoS o ers (adscn = 30). As can be seen in Figure 7.18(a),
algorithm MIPopt exhibited a stable behavior while algorithms MIPconf and MIPcond−conf
exhibited a linear increasing performance behavior. This behavior was explained in the rst
two series of experiments. Another thing that must be pointed out is that again MIPconf and
MIPcond−conf algorithms have the same performance. MIPopt comes third but as matchper
increases, it shows stable performance and outperforms the other algorithms when matchper
goes beyond 0.3. This is slightly di erent from the second series of experiments where this
take over happened a little later and the same with the rst series of experiments.
As far as accuracy is concerned, recall for all the algorithms was the same as in the previous experiments. But precision was 1 for all the algorithms except from algorithm MIPopt .
As can be seen from Figure 7.18(b), precision of algorithm MIPopt increased from 0.0 to
1.0 linearly. This result is di erent from the other two series of experiments where the in-
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Figure 7.18: 2nd Experiment results
crease was exponential. Concerning size of matching results, algorithm MIPconf consistently
returned less results than the MIPcond−conf algorithm based on the `negative positives' effect. Finally, algorithm MIPopt returned more results than the other two algorithms until
matchper got the value of 1.0.
In the third experiment, we increased the percentage of super matches among the xedsized population of QoS o ers (adscn = 30). Concerning matchmaking time, algorithms
MIPcond−conf and MIPopt exhibited an almost stable behavior while algorithm MIPconf
exhibited a decreasing linear behavior. This is much the same results as those of the rst
two series of experiments. There are two di erences observed with the previous set of experiments: a) the performance of all algorithms was decreased; b) now MIPconf outperforms
the other algorithms later, and especially MIPopt is outperformed when bper > 0:8. The
above results can be seen in Figure 7.19(a). Concerning recall (see Figure 7.19(b)), precision and size of results (see Figure 7.19(c)) we have absolutely the same picture with the
corresponding results of the previous series of experiments.
In the fourth experiment, we increased the percentage of partial matches among the
xed-sized population of QoS o ers (adscn = 20). As can be seen in Figure 7.20(a), all
algorithms exhibited a not very stable behavior. However, similarly to the corresponding
result of the rst two series of experiments, the MIPconf and MIPcond−conf algorithms
had an increasing behavior while in average the MIPopt algorithm had a stable behavior.
Another observation is that it is the rst experiment in this series where MIPcond−conf
surely outperforms MIPconf . Moreover, all algorithms had a decreased performance with
respect to the previous set of experiments.
Concerning recall, algorithms MIPcond−conf and MIPopt had recall equal to 1.0 while
algorithm MIPconf had recall equal to 1− bmper. But for precision and size of matchmaking
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Figure 7.20: 4th Experiment results
results, although algorithms MIPconf and MIPcond−conf had precision equal to 1.0 and a
constant amount of results, this was not the case for algorithm MIPopt . The latter algorithm
had its precision decreasing stepwise linearly and the size of matching results increasing
stepwise linearly. These results can be seen in Figures 7.20(b) and 7.20(c) and were the
same as the ones in the previous set of experiments.
In the last experiment, we had matchper = 0:0 and we were increasing the number of
QoS o ers. We wanted to observe the performance of the algorithms when there are no
matches (i.e. the QoS demand is over-constrained). Figure 7.21(a) shows the produced
results. This performance is almost the same with the one we discovered in the previous
series of experiments. One observation is that MIPcond−conf is much better than MIPconf
in accordance with the result of the previous experiment.
In this type of experiment, we cannot de ne accuracy. However, we can compare
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Figure 7.21: 5th Experiment results
these algorithms on the size of conforming results. As expected, algorithms MIPconf and
MIPcond−conf do not produce any result. On the other hand, algorithm's MIPopt number
of results was increasing linearly, as can be seen from Figure 7.21(b).
Now let us compare the results of this series of experiments with the previous one. First
of all, the performance of all algorithms in this series was slightly decreased with respect to
the previous one but not on all the experiments. Secondly, now algorithm MIPcond−conf has
better or equal performance with MIPconf , so the order of these algorithms was reversed
with respect to the previous series of experiments. Besides these di erences, the other results
remain the same. So, from all of these series of experiments, we can can safely conclude that
the MIPopt algorithm is the most stable algorithm and of the quickest ones but it su ers from
precision problems (it returns more results than needed). Another good choice should be the
MIPcond−conf algorithm as it is very quick especially when there are a lot of \insensitive"
metrics, it has perfect accuracy but it does not o er advanced categorization of results.
Finally, comparable to these two algorithms is the MIPunary algorithm that has perfect
accuracy and o ers advanced categorization of results but it has a very bad performance
with respect to the other algorithms. Thus, based on this analysis we cannot de nitely say
that we have a \winning" algorithm as this depends much on the user preferences especially
regarding the trade-o s we have identi ed.

7.2.6 Randomized Evaluation of CP-based Matchmaking Algorithms
In our fourth set of experiments we used exactly the same testing framework that was
used in the rst series of experiments producing unary QoS speci cations. However, our
focus was now to compare and experimentally evaluate the CP and eCP-based (QoS-based)
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matchmaking algorithms. So we implemented the four CP-based matchmaking algorithms
{ CPconf , CPcond−conf , CPexpl−cconf and CPexpl−unary { introduced in chapter 6 using the
Choco constraint engine, an engine capable of solving both regular and explanation-based
constraint models. However, in order to use the eCP solving facilities of Choco, we had to
constraint our experiments only with integer variables.
Another thing that must be mentioned concerns the way all the algorithms were implemented. For the rst two algorithms, CPconf and CPcond−conf , based on our analysis of
the metrics of conformance and conditional conformance, we had to solve a chain of CSPs
with each CSP di ering from the previous and the next one only with the addition of one
constraint and the removal of another one. However, di erently from the previous series of
experiments that used the MIP technique and with the eCP approach of the next two algorithms, we had to create each CSP from the chain from scratch, as the underlying constraint
network after reaching a solution could not be updated with the new changes unless it was
totally destroyed and restructured. So we were taking into account this CSP rebuilding
time for these two algorithms (and the next two) when calculating their execution time.
Moreover, based on the previously analyzed fact and on the fact that MIP solving is quicker
than CP solving for linear constraints, we were expecting much worse execution times for
these two algorithms with respect to their MIP counterparts.
Fortunately, the next two algorithms, CPexpl−cconf and CPexpl−unary , had a better \fate"
as thanks to the eCP technique they used they did not have to create a new CSP from scratch
but just add and remove one constraint. However, in contract to the CPexpl−cconf algorithm
that was nishing when a solution was found, the CPexpl−unary algorithm had to create
a new CSP after a solution was found. But, again, the latter algorithm did not have to
create all the CSPs it needed to solve but just few of them (and only when a solution was
found for the previous CSP), with respect to the rst two algorithms. So the CPexpl−cconf
algorithm was creating only one CSP each time it was called and the CPexpl−unary was
creating some but not all of them. In order to be fair, we were also taking into account the
CSP building time and the additions and removals of constraints for these two algorithms.
Thus, based on this analysis, we were expecting that CPexpl−unary algorithm will be slightly
better (according to execution time) than the rst two algorithms (CPconf and CPcond−conf )
and that CPexpl−cconf will be much better.
Before presenting and analyzing our experimental results, it must be highlighted that
we expect that the only speedup that the CPexpl−cconf and CPexpl−unary algorithms will
have with respect to the other two algorithms is due to the faster modeling of successive
CSPs and not to the actual explanation facility. This is because we have only used unary
constraints in our experiments, so the explanation facility cannot o er anything but itself.
However, in the near future we want to investigate the impact of n-ary constraints to the
performance of our (e)CP-based matchmaking algorithms.

Results
In order to experimentally evaluate the performance and accuracy of the our (e)CP-based
QoS-based WS matchmaking algorithms in di erent settings, a series of six (6) experi-
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ments were conducted. Each experiment had the following values for the tuning parameters:
adscn = 10, metrcn = 10, matchper = 0:5, bmper = 0:4, partper = 0:5, arity = 1 and
hardstat = 1, unless otherwise stated. Each experiment was repeated for 30 times. Note
that at each experiment a tuning parameter was increasing its value according to a speci c
step until a speci c upper limit.
In the rst conducted experiment, we increased the number of QoS o ers in order to
observe the performance of the matchmaking algorithms. We expected a linear increasing
performance behavior for all algorithms. Indeed, as can be seen in Figure 7.22(a), this
is the case. In addition, algorithm CPexpl−cconf was the fastest followed by algorithms
CPexpl−unary , CPcond−conf and CPconf in decreasing order of performance. This was predicted from the analysis we did previously in this subsection. However, as can be easily
seen from Figure 7.22(a), algorithms CPcond−conf and CPconf had exactly the same performance. This result was not actually expected but it can be explained as follows: a) we did a
modeling mistake by creating the same amount of CSPs for both algorithms; b) in average
CPconf will solve at most one CSP more than the CPcond−conf algorithm. This result was
repeated in all experiments as it will be seen in the sequel. Another important remark is that
the CPexpl−unary algorithm is at least twice as fast than the plain CP algorithms while the
CPexpl−unary algorithm is 7 times faster (than the plain CP algorithms). So the speedup in
execution time because of the faster modeling in the eCP algorithms is already substantial.
You can imagine the speedup/time di erence that will be caused if also n-ary constraints
are present.
As far as accuracy is concerned, all algorithms had precision = 1:0, something totally
expected. Recall was also 1.0 for all algorithms except from algorithm CPconf that had
recall always equal to 0.6 (the usual case for speci c values of the tuning parameters) (see
Figure 7.22(c)). As far as size of matchmaking results is concerned, algorithms CPcond−conf ,
CPexpl−cconf and CPexpl−unary always returned the right number of matchmaking results
while algorithm CPconf returned 40% less results. Precision was the same for all algorithms
in all experiments (except the one where it cannot be measured) while recall was again
the same for all algorithms in all experiments (except the one where the percentage of
super matches is varying). Thus, in the sequel, we are going to show gures for these two
comparison metrics only for the two experiments were the previously analyzed situation
changes.
In the second experiment, we increased the number of QoS metrics in order to observe
the performance of the matchmaking algorithms. As can be seen in Figure 7.23(a), all algorithms had an exponential increasing performance behavior and their performance order
did not change. So this is something di erent from what we experienced in the results of
the MIP-based algorithms where the increase was linear. However, we cannot come to a
safe conclusion that CP-based matchmaking algorithms do not scale well with respect to
the number of QoS metrics as this may be problem of the Choco constraint engine and the
way it is implemented. Another remark is that now the speedup of the eCP algorithms
has increased with respect to the plain CP algorithms compared to the results of the rst
experiment. Concerning precision, the situation is not changed, something totally expected.
Concerning size of matchmaking results, Figure 7.23(b) shows that all algorithms had a con-
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Figure 7.22: 1st Experiment results
stant behavior. Moreover, algorithms CPcond−conf , CPexpl−cconf and CPexpl−unary returned
the right number of results (5) while algorithm CPconf returned less results (0.6*5=3).
In the third experiment, we increased the percentage of matched QoS o ers among the
xed-sized population of QoS o ers (adscn = 20, metrcn = 20). As can be seen in Figure 7.24(a), algorithm CPexpl−unary exhibited a linear decreasing behavior while algorithms
CPconf , CPcond−conf and CPexpl−cconf exhibited a linear increasing performance behavior.
The behavior of the latter three algorithms is easy to explain as these algorithms do more
work when there are more matching QoS o ers. The behavior of the CPexpl−unary can also
be explained: when more matching QoS o ers are present, then this algorithm builds less
new CSPs because the matching QoS o ers construct inconsistent CSP sequences (so they
require the construction of just one CSP). Two remarks must be made: a) the speedup of
algorithm CPexpl−cconf with respect to the plain CP algorithms is the same as in the rst
experiment; b) when all QoS o ers are matching, the performance of the two eCP algorithms
gets the same.
As far as precision is concerned, the situation has not changed. Finally, all algorithms
had a linear increase in the size of the matching results, as can be seen from Figure 7.24(b).
In the fourth experiment, we increased the percentage of super matches among the
xed-sized population of (matching) QoS o ers (adscn = 20, metrcn = 20). Concerning
matchmaking time, only algorithm CPexpl−cconf had a stable behavior (something rational
as it does not care if a matching o er is exact or super with respect to the number of CSPs
it has to build) while all others had a small linear increase in their behavior. Algorithm
CPexpl−unary had the smallest amount of increase as it only had to build one additional CSP
for each additional super QoS o er. The behavior of algorithms CPcond−conf and CPconf
was totally unexpected as the former should have a stable behavior while the latter a linear
decreasing behavior. Moreover, we cannot easily explain why this happened.
Concerning precision, the situation is not changed as all algorithms have precision equal
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Figure 7.25: 4th Experiment results
to 1.0. However, recall is changed only for algorithm CPconf as this algorithm regards super
QoS o ers as false positives. So this algorithm had a linear decreasing behavior as it can
be seen from Figure 7.25(b). Finally, as far as the size of matching results is concerned,
obviously all algorithms were returning the same amount of matching results except from
algorithm CPconf that was returning less and less results due to the false negatives e ect.
In the fth experiment, we increased the percentage of partial matches among the xedsized population of (failing) QoS o ers (adscn = 20, metrcn = 20). As can be seen in
Figure 7.26(a), algorithm CPexpl−cconf has again a stable behavior (as it does not care if an
o er is partial or fail ), algorithm CPexpl−unary had a small linear decrease in its behavior
while the rest of the algorithms exhibited a linear increase in their behavior. Algorithm's
CPexpl−unary behavior can be explained as it has to create less CSPs for a partial o er
with respect to a fail one. The behavior of algorithms CPconf and CPcond−conf can also be
explained as they have to solve more CSPs for a partial o er with respect to a fail one.
Concerning recall, algorithms CPcond−conf , CPexpl−cconf and CPexpl−unary had recall
equal to 1.0 while algorithm CPconf had recall equal to 1 − bmper. Concerning precision,
all algorithms had a perfect precision as in the rest of the experiments (except the last one).
Finally, the size of matching results was stable for all algorithms. The latter two results can
be seen in Figures 7.26(b) and 7.26(c).
In the last experiment, we had matchper = 0:0 and we were increasing the number of
QoS o ers. We wanted to observe the performance of the algorithms when there are no
matches (i.e. the QoS demand is over-constrained). Figure 7.27(a) shows the produced
results. As can be seen, all algorithms exhibited a linear increasing behavior and their order
was not changed. Moreover, the speedup ratio (of the eCP algorithms with respect to the
plain CP ones) remained the same like in all other experiments (except the second one).
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Figure 7.26: 5th Experiment results
In this type of experiment, we cannot de ne accuracy. However, we can compare these
algorithms on the size of conforming results. As expected, algorithms CPconf , CPcond−conf
and CPexpl−cconf do not produce any result. On the other hand, algorithm CPexpl−unary
always produces one result, as can be seen from Figure 7.27(b).
Let us now shortly discuss the results of this series of experiment. As it was already
analyzed, the eCP QoS-based WS matchmaking algorithms are better than their plain CP
counterparts because they do not have to create many CSPs in order to perform the matchmaking. Moreover, their advantage/speedup could get greater if we had modeled n-ary
constraints in our experiments in order to take advantage of the actual facilities of the
eCP technique. So we plan to do this extended modeling and evaluation in the near future. Concerning each algorithm's performance, algorithm CPexpl−cconf is the quickest and
most stable one, it has better accuracy but it does not o er advanced categorization of the
results. Comparable to the latter algorithm is the CPexpl−unary one as it has perfect accuracy, it o ers advanced categorization of results but it is at least ve times slower than the
CPexpl−cconf . The other algorithms (the plain CP ones) do not have great performance and
do not o er advanced categorization of results, so they are surely one level below their eCP
counterparts. Thus, as it can be understood, we have reached the same situation as with
the analysis of the experimental evaluation of the MIP-based QoS-based WS algorithms.
There is no \winning" algorithm and the choice of the best one always depends on the user
preferences concerning accuracy, execution time and richness/usability of the matchmaking
results.

7.3 Conclusions
In this chapter, we shortly analyzed our QoS-based WS discovery engine (registry) that
is currently under development by providing its architecture and analyzing the role and
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Figure 7.27: 6th Experiment results
functionality of each component. Of course, our framework is incomplete as it only supports
some of the basic functionalities of a WS registry. However, we plan in the near future to
extend it and to make it more complete.
The remaining content of this chapter was devoted to our extensive experimental evaluation of the matchmaking techniques and algorithms we have implemented. Firstly, we
started evaluating the performance of the MIP and CP techniques according to the matchmaking metric of conformance. The results showed that the MIP technique is by far better
when only linear constraints are present in QoS-based WS speci cations. Then, the results
of four series of conducted experiments were presented and analyzed. The rst three series
of experiments were devoted to the random and semi-random experimental evaluation of our
implemented MIP-based QoS-based WS matchmaking algorithms. The results showed that
all of our implemented algorithms could be used in di erent settings according to user preferences. The last set of experiments was devoted to the random experimental evaluation of
our implemented (e)CP QoS-based WS matchmaking algorithms. The results showed that
the eCP technique speeded up the performance of our algorithms. In addition, similarly to
the results of the previous series of experiments, the two proposed eCP matchmaking algorithms could be used in di erent settings/scenarios according to user preferences concerning
execution time, accuracy and richness/usability of the matchmaking results.
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Chapter 8

Conclusion and Future Work
This chapter has the role to conclude this dissertation by providing an overview of its content,
by reviewing this thesis contributions and achievements and by drawing directions for further
research concerning the research and work of this thesis. There are three sections articulating
this chapter, each one with its own goal. Section 8.1 reviews the whole dissertation by
analyzing the content of each chapter. Then, next section 8.2 analyzes and discusses the
main contributions of this thesis. Finally, section 8.3 explicates all the possible ways in
which our thesis research work can be extended.

8.1 Dissertation Overview
This dissertation had the sole purpose to describe and analyze in the best possible way
the research path towards the achievements of this thesis. It actually reveals the way we
approached the general problem and what were our motives, how the research gaps we discovered led us to the speci c problem we dealt with, how the literature review of the speci c
problem tracked down the main research gaps and led us to produce a set of requirements,
the approach we followed in order to solve the main problems and our main achievements,
the results of the experimental evaluation of our devised and implemented algorithms and
how these results prove our theoretical analysis, and the architecture of the implemented
framework and the functionality that is exposed by its components. All of the above content
was carefully designed and analyzed in seven chapters, each one consisting of many sections
and subsections, going from the most general concepts and their analysis to the most speci c
ones. In the sequel, we are going to analyze in short the main chapters purpose and content
without revealing details of the main contributions of this thesis as these are analyzed in
the next section.
Chapter 1 explained the way our research started from the general problem and nished
at the speci c one while it also revealed the main research gaps. Then it analyzed in small
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detail what were the main contributions of our thesis and how they closed this research
gap. Moreover, it explicated the impact of our contributions and achievements concerning
the Web Services research area. Finally, it concluded by providing a short overview of the
chapters that followed. As it can be seen, this chapter was independent of the others and
its sole purpose was to intricate the user's attention in reading the whole dissertation.
The next chapter, chapter 2, introduced to the reader the main concepts and terms used
throughout this dissertation in order to make this dissertation self-contained. In this way,
the reader could easily follow up with the content of the remaining chapters. Concerning its
content, this chapter explained in detail what is Web Service description and discovery and
which entities are involved in these two processes while it also analyzed in detail what are the
main requirements imposed on them. By doing so, this chapter not only introduced the main
concepts and terms but also enabled the reader to understand and be able to categorize our
main thesis contribution according to the current research on WSs. In addition, this chapter
provided a small introduction to the two solving techniques that we used for QoS-based WS
matchmaking: MIP and CP.
Chapter 3 provided a comprehensive analysis of the conceptualization of QoS for WSs
and of the main domain-independent QoS attributes. In addition, an example of domaindependent QoS attributes in the Trac Monitoring application domain was also provided.
Finally, the role that QoS can play in the management of WSs was elaborated. This chapter
had the same role as the previous one that is to x the terminology used and enable the
reader to follow up with the rest of this dissertation and understand the bene ts of our
thesis.
The next chapter, chapter 4, revealed the main requirements that must be satis ed by the
implementing frameworks and the entities involved in order for the processes of QoS-based
WS description and discovery to be successful, accurate and complete. These requirements
were set after reviewing related work in QoS-based WS description and discovery and the
results of this review were analyzed in the next chapter. In our opinion, the content of this
chapter was very important as it not only established a reviewing framework for research
curried out in the areas of QoS-based WS description and discovery but also guided the
design, features and implementation of our main thesis contributions.
Chapter 5 provided a literature review of the main research approaches in QoS-based
WS description and discovery based on the requirements set that was established in the
previous chapter and revealed the main contributions and de ciencies of these approaches.
In addition, at the end of this chapter, comparison tables for the processes of QoS-based WS
description, matchmaking and selection were provided and displayed showing in short-form
how each approach performed according to the requirements we have set for the corresponding process. In our opinion this summarizing facility was a very important tool for enabling
the reader to comprehend what were the exact research problems-gaps in each of the three
under-investigation processes.
The next chapter, chapter 6, was the most important chapter of the whole dissertation.
Firstly, it explicated what instance of the main research problem was solved by the provision of assumptions and restrictions. Then it analyzed in great detail what were the main
contributions of this thesis and how they solved the identi ed research gaps. For each contri-
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bution, apart from the main analysis, images and examples were provided in order to assist
the user in comprehending the main notions, procedures and solutions. Additionally, at the
end of the analysis of each contribution, there was a concluding subsection summarizing the
contribution's achievements and providing a table exactly the same as the one in chapter 5
showing if all requirements set in chapter 4 were satis ed by the contribution and at what
grade or point.
Finally, chapter 7 presented the architecture of the framework we are building and explained the functionality of each implemented or not-yet-implemented component. Apart
from the functionality, the main tools used to built or assist each component were also
described. Moreover, this chapter analyzed the series of experiments we performed and discussed the results uncovered by pointing out what was expected and what was not and why
it happened. In addition, it described in great detail the framework we have implemented
that was used for testing the performance and accuracy of the QoS-based WS matchmaking
algorithms.

8.2 Main Contributions of Our Research
We started our PhD thesis by conducting a long research on the areas of WS description and
discovery. Based on this research, we proposed a set of requirements that should be satis ed
by the WS description and discovery frameworks. By taking into account these requirements,
we reviewed related work and came into some important conclusions. Actually, this research
identi ed many research gaps that we could study and solve. The appropriate de nitions
of the WS description and discovery processes and the analysis of their requirements and of
the reviewed related work can be found in [Kri04]. In this dissertation, only the de nitions
and some of the requirements were analyzed.
From all the identi ed research gaps of the previous research, we were attracted by those
gaps that dealt with QoS. QoS-based WS description and discovery was a very interesting
and hot topic as there were not so much research approaches dealing with it with not very
satisfying results and a lot of unexplored areas. So we decided to nominate this subarea of
WS description and discovery as the main object our research in our PhD thesis.
Thus, we started exploring this area by reviewing related work and studying the main
techniques that were used to solve partly the main problem. From all of this research, we
identi ed a set of requirements that should be satis ed by the QoS-based WS description
and discovery frameworks [KP07b]. Actually, these requirements were used as a reviewing
framework for comparing related work and identifying places where further research should
be conducted. After reviewing related work in QoS-based WS description and discovery, we
discovered that there were two main problems to be solved:
•

None of the state-of-the-art research approaches was using a semantic, rich and extensible QoS description model for WSs that was satisfying in the best possible way the
description requirements we had set.

•

Based on the previous problem, the QoS-based WS matchmaking algorithms were
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exposing low precision and recall with respect to the results they were returning to
the user. In addition, these algorithms were using wrong matchmaking metrics, not
all of them provided advanced categorization of results, some of them experienced
performance problems and none of them provided useful results back to the user in
case this user was using over-constrained QoS demands.
Moreover, as it can be seen, the solution to the second problem depends in a signi cant
percentage on the solution adopted to the rst one. Apart from the two main problems,
another problem to address was that most QoS-based WS selection algorithms were using
a very simple and naive model of calculating the score/rank of a QoS o er that: a) was not
considering the best performance of a WS, and b) was independent of and was neglecting the
constraints of the QoS demand. Moreover, these selection algorithms were also experiencing
the same problems with the matchmaking ones considering the accuracy of the results. The
scope of this thesis was to address [Kri05] both of these two main problems (and of course
the third one) in the best possible way while also taking into account their interconnection.
To this end, the following three main contributions were achieved: semantic QoS-based
WS description, alignment of QoS-based WS speci cations and semantic QoS-based WS
discovery.
Our rst contribution was guided by the description model requirements we had set.
Based on these requirements, we carefully designed and implemented an upper ontology
for QoS-based WS description, which was called OWL-Q [KP06, KP08c, KP07a, KP08e].
This ontology combined the best disciplines, requirements and parts of all related research
e orts in order to describe in a syntactic and semantic way all possible parts of QoS for
WSs. It was an ontological description carefully designed into several facets that could
easily be extended and enriched. This ontological description also complemented OWL-S,
a World Wide Web Consortium (W3C) submission for semantic functional WS description,
by subsuming OWL-S concepts (the sub-concept of the OWL-S concept is a QoS concept)
or relating them to QoS concepts. As OWL-Q is just an upper-level ontology, a mid-level
ontology was also produced for those QoS attributes that are common across application
domains. Moreover, a low-level ontology was produced for those QoS attributes that are
speci c to the Trac Monitoring application domain. This application domain was chosen
in order to experimentally evaluate our developed algorithms in realistic scenarios where
QoS-based WS descriptions were randomly created based on constraints on metrics of speci c
QoS attributes. In addition, OWL-Q was extended with SWRL rules because: a) relations
between temporal properties like duration [HP04] had to be expressed and reasoned about;
b) operations or comparisons on metrics had to be restricted according to the scale that
they use; c) integrity constraints between property facts and/or instance facts had to be
enforced (e.g. in lists we have prevented cycles with the help of rules); d) compatibility
or equivalency of scales and compatibility of metrics' value types were expressed by OWL
property facts red by rules; e) rule-based algorithms like the metric matching one were
speci ed with rules. Finally, by comparing OWL-Q with all other research approaches, we
showed that OWL-Q is by far the most rich of all languages that respects in the best possible
way the description requirements we have set.
The use of semantics provides users with the ability to specify in a clear, consistent and
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machine-processable and interpretable manner the concepts of their domain. However, it
cannot prevent some problems [MFRW00] from happening. One such problem is based on
the fact that people have di erent conceptualization of the same entities [BBB+ 04]. In result,
users may produce di erent ontological speci cations of the same concept. Concerning the
QoS domain, this can be true for QoS metrics and not for QoS attributes or measurement
units that are more or less standardized. This argument is also strengthen by the fact
that the same QoS metric can be produced either from high or low level readings of the
instrumentation of the system hosting the WS (depending on this system capabilities). In
the former case, this QoS metric is produced from other QoS metrics while in the latter
case, this QoS metric is a resource metric. Based on the above reasons, we argued that
the state-of-the-art ontology alignment algorithms [BBB+ 04] cannot be used in our case
because of the use of mathematics for deriving complex QoS metrics from simpler ones. For
this reason, our second contribution consisted of the following two algorithms: a) a semantic
QoS metric matching algorithm [KP06, KP07d, KP07c, KP07e, KP07a, KP08e, KP08c] that
derives if two QoS metrics speci ed in di erent OWL-Q descriptions are equivalent and b)
by using this matching algorithm, an alignment algorithm [KP07d, KP07c, KP07e, KP08e,
KP08c, KP08a] for aligning OWL-Q descriptions of WS providers and requesters based on
their speci ed QoS metrics and on new metrics created by past measurements produced by
WS monitoring systems.
The QoS metric matching algorithm is composed of three main rules, each corresponding
to a di erent case in a two metrics comparison. The last rule { used in composite-tocomposite metric matching { reaches the nal point of either a) simplifying the di erence of
two derivation mathematical expressions by using a mathematical engine in order to see if it
equals zero or b) solving a CSP which contains the following constraint: |expr1 − expr2 | >
threshold, where |x| is a function calculating the absolute value of x, expr1 and expr2 are the
two derivation mathematical expression of the two composite QoS metrics respectively and
threshold is a user supplied limit ranging between [10−1 ; 10−12 ]. In the rst case, symbolic
computation techniques are used in order to see if the two mathematical metric derivation
expressions are equivalent. In the second case, the user does not care if the mathematical
derivation expressions are equivalent but if they can produce very close values. This QoS
metric matching algorithm was evaluated based on a speci c scenario taken from the Trac
Monitoring application domain and by using the symbolic computation techniques of the
Matlab mathematical engine. The experimental results showed that although the execution
time of the metric matching algorithm is not very satisfactory, this is compensated by the
increase in the accuracy of the matchmaking algorithms.
The proposed alignment algorithm consists of two main subalgorithms/processes: the
global alignment process and the local alignment one. When any QoS-based WS o er or
demand is issued to this thesis framework, the global alignment process is executed on it
in order to align it with all speci cations already processed and stored in such a way that
all metric-to-metric comparisons are minimized. As it can be seen, this alignment process
actually uses the QoS metric matching algorithm. The local alignment process is executed
on a QoS demand and to those QoS o ers that are related to it (these are the o ers of WS
returned from the functional discovery process) so as to ensure that all QoS o ers use at least

191

8.2. MAIN CONTRIBUTIONS OF OUR RESEARCH
the same set of QoS metrics with respect to the QoS demand. To achieve the latter goal,
this process uses mathematical derivation or statistical strategies or combinations of these
two strategies. Unfortunately, we did not complete the implementation of the alignment
algorithm because of some reasoning problems we encountered with the reasoning engine we
were using and because we did not nd a QoS metric monitoring system that could provide
us with the appropriate measurement facts. However, when implemented, it is obvious that
this alignment process/algorithm will do its best to increase the accuracy of the QoS-based
WS matchmaking (and selection) process by inferring the equivalent QoS metrics of two
QoS-based WS speci cations based on the available knowledge and measurement values.
As can be seen from above, our rst two main contributions try to produce QoS-based
WS speci cations that have the maximum amount of common QoS metrics. This result
was in favor of the CP-based category of approaches [CMDTT05, DSL04] in QoS-based WS
matchmaking with the respect to the ontology-based one [ZCL04, OVSH06, GZ07]. The
main reason was that in this category of approaches the common QoS metrics of a QoS
o er and demand are transformed to the same CSP variables used to solve the CSP (matchmaking) problem created by the constraints of the QoS o er and demand. By considering
also the fact that the CP-based approach is generally faster than the ontological one, we
argued that the CP-based approach is better and must be chosen as a starting point in
solving our second research problem. So our third contribution was to enhance the CP-based
approach, especially the work of [CMDTT05] that uses a more correct matchmaking metric
than [DSL04]. However, due to the nature of the value types of the QoS metrics, our rst
step in this third contribution was to perform a survey on the available solving techniques
as CP has some diculties in dealing with real-valued variables. So based on the research
results of the MIP and CP elds, we concluded that MIP must be used when only linear
constraints are present on QoS-based WS speci cations while CP must be used when also
non-linear constraints are present. Our conclusion was experimentally proven [KP08d] by a
comparison of these two techniques on linear and non-linear constraint problems (CSPs and
MIPs) created according to the criteria speci ed in [CMDTT05] and by using the matchmaking metric of conformance [CMDTT05].
The second enhancement was the use of an appropriate and more correct matchmaking
metric [KP07d, KP08b, KP08d] called \conditional conformance" that takes into account
the fact that some user constraints should not be used in matchmaking. For example, there
is no reason why there must be an upper bound on a metric of availability availability (case
of an \insensitive" metric) for WS requester constraints while both bounds on a metric of response time (case of \sensitive" metric) must be respected as the requester's system may not
be able to process a very fast provided output (e.g. in case of video streaming WSs and WS
requesters having mobile phones). Based on the above reason, we theoretically proved that
our matchmaking metric has perfect accuracy with respect to the other matchmaking metrics
that exhibit lower accuracy. Apart from this theoretical analysis, we implemented MIP and
CP matchmaking algorithms implementing the conformance and conditional conformance
metrics that we named MIPconf , CPconf and MIPcond−conf , CPcond−conf respectively. We
rstly experimentally evaluated the MIP-based algorithms with the help of a testing framework [KP08d] we have developed that produces randomized QoS-based WS speci cations
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in a control way so as to be able to test the performance and accuracy of our implemented
algorithms. This testing framework can be considered as a very good contribution as it is
accepts as parameters the matchmaking algorithms to be evaluated and can be altered easily
so as to change what kinds of speci cations it produces and provides them as input to the
matchmaking algorithms. In fact all experimental evaluations we performed used this testing
framework. Back to the evaluation of the MIP-based algorithms, the rst series of experiments was conducted with completely randomized unary QoS speci cations and with all QoS
metrics to be \insensitive". The results [KP08d] showed that the MIPcond−conf algorithm
was not only signi cantly faster than the MIPconf one but also exhibited better (actually
perfect) accuracy. The second series of experiments was conducted with semi-random unary
QoS speci cations that contained domain-independent and domain-dependent QoS metrics
(taken from the Trac Monitoring application domain) which were not only \insensitive"
but also \sensitive". The results revealed again that the MIPcond−conf algorithm had better accuracy than the MIPconf one but the performance gap was closed. Finally, the CP
algorithms were evaluated by only one series of experiments conducted with completely randomized unary QoS speci cations and with all QoS metrics to be \insensitive". The results
were similar to those of the second series of experiments of the evaluation of the MIP-based
algorithms.
Another enhancement was the use of optimization techniques especially in cases where
there were over-constrained QoS demands. In many cases, users over-estimate the capabilities of a system and pose unrealistic constraints to it or to discovery brokers in order to
nd it. In our situation, based on the previous observation, the QoS capabilities of WSs
are over-estimated by WS requesters. So the state-of-the-art QoS-based WS matchmaking
systems fail to produce any useful result to those WS requesters as the constraint problems
solved are all infeasible. In this thesis, we devised and implemented two di erent optimization algorithms [KP07d, KP08e] used to deal with this case. The rst one exhaustively solves
many constraint problems in order to categorize a n-ary QoS o er according to a unary QoS
demand but exhibits perfect accuracy and produces an advanced categorization of results.
We have implemented both MIP and CP versions of this algorithm that we have called
MIPunary and CPunary . The second algorithm solves one optimization problem for each
n-ary QoS o er in order to nd the worst score this o er can produce and one optimization
problem for the n-ary QoS demand for the same reason. This second algorithm does not
have perfect accuracy but produces two di erent categorizations of results and is the fastest
from all other algorithms. This was at least shown by the experimental evaluation of all the
MIP algorithms based on randomized [KP08d] and semi-randomized inputs with our testing
framework. The latter evaluation also showed that the MIPunary is the slowest of all MIP
algorithms. So each of these two proposed algorithms has its strengths and weaknesses and
their selection depends on user preferences on matchmaking time and accuracy.
The last enhancement concerned the situation where non-linear constraints are present
in the QoS-based WS advertisements so the CP-based approach must be used. In this
case, we have devised and implemented two new algorithms that take into account our
new matchmaking metric and techniques from a speci c subarea of CP called explanationbased programming (eCP) [VJ05, RvBW06]. These algorithms are just eCP versions of
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the CP algorithms CPcond−conf and CPunary and we have named them CPexpl−cconf and
CPexpl−unary respectively. The random evaluation of these two algorithms against the simple
ones (without eCP) showed the signi cant gain in matchmaking time. The selection of these
two new algorithms depends again on user preferences concerning matchmaking time and
advanced categorization of results.
Concerning, QoS-based WS selection, some of our proposed algorithms already solve
optimization problems and thus also perform the selection subprocess of WS discovery.
On the other hand, the algorithms, that do not o er this functionality and is not clear
from their results which QoS o er is better, should be accompanied with a QoS-based
WS selection algorithm. To this end, we have proposed and implemented a QoS-based WS
selection algorithm [KP06] that computes the score of each advertised QoS o er by solving
two optimization problems - a) one nding the score of the worst performance of the o er,
and b) one nding the score of the best performance of the o er - and then computing
the weighted average of the two optimization results. This algorithm is better than all
other selection algorithms proposed so far not only because it takes into account the best
performance of a QoS o er and not only the worst one in order to produce its overall score
but because of the following reasons: a) it satis es all requirements we have set for QoSbased WS selection algorithms; b) it respects and does not neglect the user constraints on all
QoS metrics; c) it can produce the score of a QoS o er expressed with n-ary constraints and
not only with unary ones. Unfortunately, we did not experimentally evaluate this selection
algorithm against the other proposed ones as not only there was limitation of time but also
we could not nd practical comparison criteria except from the obvious one of execution
time.
Apart from devising and implementing QoS-based WS alignment and discovery algorithms, we have constructed also a registry encompassing all of them. In this way, we
actually o er a simple but functionally adequate semantic framework for QoS-based WS description and discovery. In the next section, we will see ways this framework can be extended
in order to become more complete and o er more advanced functionalities.

8.3 Future Work
Research performed in terms of this thesis has provided a set of solutions to the research
problem under investigation. However, as it was analyzed in chapter 6, these solutions focus
on a speci c instance of the main research problem. The role of this section is to uncover all
the possible ways our work can be extended in order to become more general, practical and
complete. By analyzing each extension, not only practical solutions are proposed but also
many directions for further research are unveiled. This section is organized into as many
subsections as the extensions we envision for our work.

194

CHAPTER 8. CONCLUSION AND FUTURE WORK

8.3.1 Tools
Scientists usually try to produce results of great research importance using prototype programs that are very hard to understand and execute. This is also true for Web Services.
Users who want to develop or request and execute a WS come across a situation where they
have to understand some XML languages and create XML les based on them; produce
many lines of code for just to register a WS advertisement or to send a query, etc. While
WS technology has evolved, this situation is now changing. However, very few tools have
been developed for the semantic WS description and none for the QoS speci cation and
querying.
The object of research is more automation for the QoS-based WS description and discovery processes and less user involvement in these processes. Therefore, there is an ongoing
need for the implementation of (visual) tools. These tools should help the user, whether he
is a SP or WS requester, to describe or query QoS for WSs, to understand and analyze the
QoS requirements or performance of his application and the impact QoS has on the resources
used and to view the results of his query in an appropriate way. All of these activities based
on these tools must be done with the less possible human intervention. These tools should
also connect with each other in order to cater for a complete QoS-based WS description
and discovery process. Finally, these tools should cooperate with the tools that have been
developed and are used in functional WS description and discovery.
The purpose of this PhD was to implement as many of these tools as possible, but only
after the main research goals were achieved. As the latter task took us a lot of time, apart
from implementing our research prototype framework we did not have the time to really
implement these tools. But we acknowledge that by only implementing these tools, our work
will become a complete and practical semantic framework for QoS-based WS description and
discovery. The most important research results can become useless if they are not exploited
by appropriate tools that help users in performing their tasks in a quick and user-intuitive
way.

8.3.2 Registry Implementation
In terms of this thesis, a prototype registry has been partially implemented supporting
QoS-based WS description and discovery. Being a prototype, this registry does not support
many of the requirements we have set in chapter 2 and section 2.2.4. These requirements
are generally applicable to WS registries, either they support functional and/or QoS-based
WS discovery. Our registry, in its current form, supports the publication and storage of
QoS-based WS advertisements and their querying based on user-speci ed QoS requests. If
it is extended with mechanisms for deleting or updating part of or whole QoS o ers, then it
can be said that this registry supports the basic functions of a registry. In the sequel, we are
going to analyze the most important mechanisms that must be implemented as extensions
to our registry in order to make it more advanced and industry-oriented. Moreover, based
on this analysis, some important research problems are unveiled.
One category of extensions that should be added to our registry concern user queries.
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The rst extension mechanism is the support of persistent and volatile queries. Persistent
queries are queries that must be stored and re-assessed each time there is a change in service
descriptions that a ects them. Concerning QoS o ers, this type of service speci cations
needs special treatment as not only in its entirety but also its parts can be updated very
often. The main reason is that QoS is dynamic in nature. So a QoS metric value can change
or the whole QoS o er can change (e.g it is not available due to software malfunction). It is
important that these changes are not only performed on the QoS speci cations documents
(through API calls or by the registry itself if it has the capability) but also re ected on
the a ected persistent queries. To support a QoS o er that entirely changes is a very easy
task as if it is deleted, then the result sets of the a ected persistent queries are updated
by removing the appropriate entry, while if it is entirely updated then all (more generally
related) persistent queries should be reassessed in order to include it or delete it or leave
it in their result sets. However, when only parts of a QoS o er are updated, then it is not
wise to completely re-execute the persistent queries on this QoS o er. In our opinion, the
mechanisms o ered by the explanation-based CP should be used in this case. So what we
actually propose is the following: Along with the persistent query, all the eCSP matchmaking
problems (executed in favor of this query) should be stored in their current state. In this way,
when a QoS o er is partially updated, then these updates will be added to the appropriate
matchmaking eCSPs and these eCSPs will be reassessed. So, based on the facts that eCSPs
have stored the previous reasoning (solving) consequences (implied constraints) and that a
small number of the constraints of the persistent query need to be checked for matchmaking,
then their solving will not start from scratch and matchmaking time will be severely reduced.
Thus, the total time for updating all persistent queries will be reduced and the computing
resources of the registry will be saved. It must be noted that as a QoS o er could be a match
for one persistent query and a non-match for another one, if this QoS o er was updated then
the eCSPs matchmaking problems concerning this QoS o er and these two queries should
all be reassessed. So this QoS o er may not be a match any more for the rst query and a
match for the second one.
As persistent queries introduce a signi cant overhead in the WS registry, which could
be even more if our approach for updating them is adopted, they must be erased after a
signi cant time period either speci ed by the user (if he has initially determined it) or predetermined by the registry itself. In addition to time periods, another additional strategy
would be to erase persistent queries if they are not accessed very frequently by the initiating
users. So persistent queries must be volatile also. Another mechanism that must be supported by a QoS-based WS registry is caching of user queries. The only and most important
reason for caching user queries (along with their results) is that the same or similar query
may be issued later on by the same or di erent users. Equality in queries is translated to
exact matchmaking if we consider one of the two queries as a QoS o er and the other one
as a QoS demand. So in this case the results of the stored query should be returned as
the results of the new and equal query. For similarity, we should consider two cases: a) if
the new query is a super match of the cached one, then surely the matched o ers of the
cached query are also matched o ers for the new one, while the partial results (of the cached
query) should be reexamined for the new query in a similar way as the one described in
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the previous paragraph, b) if the new query is a partial match of the cached one, then the
not-matched results of the cached query are also not-matched results for the new one, while
the matched results (of the cached query) should be reexamined. Cached user queries must
be updated in the same way as the one introduced in the previous paragraph. They should
also be deleted when they are not matched by similar or equal queries for a speci c time
period.
Access control and concurrency mechanism s are obligatory extensions of our registry.
Access control is required as service providers or requesters should be let to hide some part
of their QoS information from service requesters or providers. For example, some security
information of a WS should not be revealed to its customers because it may enable malicious
users to perform more focused DoS attacks on this WS. Concurrency mechanisms are needed
for two reasons: to control the update/query ratio and concurrent actions. Actions that alter
or alter and read concurrently the same QoS information (e.g constraints or other parts of
QoS o ers) should be performed in a transactional manner. In addition, user queries should
be let to occur more often than updates. The reason for this latter necessity is that updates
are more costly than queries and because querying is the most important function of a
registry.
Based on the analysis of the user querying mechanisms, it is easily understood that
soft-state publication facilities should be supported by a QoS-based WS registry. These
mechanisms allow the registry to store any kind of (published) information for a speci c
time period and then discard it if its publication is not renewed for another period. So these
mechanisms are really needed to relieve the registry from the enormous amount of stale,
invalid or useless information which also causes the spending of useful computing resources,
especially in case of QoS-based WS alignment and discovery. Renewal may be caused by
both service providers or requesters or by the registry itself. So these mechanisms are
really needed for enforcing the lifetime of both persistent but volatile queries but also of the
cache-based queries. However, not only queries (QoS demands) but any other information
published or queried or produced in the registry should be soft-state published. Especially,
parts of QoS o ers or whole QoS o ers should be kept in the registry in this form. The
reasons for this are the following:
• a WS may become unavailable or updated with new software or withdrawn so a QoS
o er stored will become stale or invalid information. This QoS o er should be renewed
in logical time periods (or when the actual event happens) by the WS provider or
otherwise deleted. An appropriate input in the publication API of the registry should
be anticipated or a default time period should be used instead;
•

a WS provider may predict with the use of appropriate tools the QoS o er(s) he is going
to publish for his WS. However, this prediction is always time-based (e.g QoS o er
may be valid for one day, one week or one month). In this case, the WS provider may
use a speci c eld in his QoS o er in order to declare this lifetime period or the actual
expiration date. Alternatively, he may provide a speci c value in the appropriate input
parameter of the registry's publication API;

•

QoS is dynamic in nature. So, in many cases some of the metrics used to measure
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QoS properties may get new or updated values. Thus, some constraints of some QoS
o ers must be altered. For application domains that are highly dynamic in nature (e.g
SMS sending services to mobile phones) it may become impossible to measure some
highly dynamic QoS properties (like availability ). The solution to this problem is the
following: Parts of a QoS o er are soft-state published according to a speci c time
period (may be speci c of the application domain) and then a local registry function
or a WS operation (either of the same WS or of the same provider or of a third-party
measurement WS) is called to get the up-to-date value or constraint of a metric and
renew the publication of the speci c part of the QoS o er in question. This is the case
where soft-state publication mechanisms function in concert with the dynamic service
con guration mechanisms.
From the last reason and its analysis it is obvious that dynamic service con guration mechanisms must also be supported by a QoS-based WS registry.
Replication/distribution mechanisms : The majority of current research approaches implementing WS registries focus on centralized components. WS descriptions are stored in
a central repository that has to be queried in order to discover WSs. Centralized systems
exhibit many problems like being single points of failure and hotspots in the network and
exposing vulnerability to malicious attacks. Moreover, as their computing and spacial capacity is limited, they are unscalable. The latter problem gets worse in highly dynamic
environments where many WSs become available or unavailable and new service providers
can register themselves and their services in any time point. The solution to the above
problem is to make registries distributed by splitting and/or replicating their functionality
and/or stored information into many nodes interconnected through the network. A P2P
infrastructure has become the most common decentralized registry approach implemented
by many research approaches [SSDN02]. This decentralized approach follows a distributed
data strategy, by distributing valuable information to several nodes according to a speci c
pattern, and a distributed query mechanism strategy, in order to route user requests only
to those nodes that contain relevant data. We believe that a P2P infrastructure approach
should also be adopted for QoS-based WS registries, either these registries are contained
in WS functional registries or they are standalone independent software applications, for
the above analyzed reasons. More speci cally, we advocate that QoS o ers should be distributed and replicated in many registry nodes according to the application domain they
cover, the service provider that registers them, the functionality of their WS, the capacity
of each node, and many other factors. In this way, QoS-based WS discovery will not take
long as a user query will be routed based on the previous factors only to those nodes that
contain QoS o ers that are related to the user query. Based on the matchmaking technique
used, a registry could adopt specialized distribution mechanisms. For example, in case when
matchmaking a QoS o er with a QoS demand or solving an optimization problem takes a
lot of time, especially when the CS(O)P is sparse and loose, the registry should also consider
to use Distributed Constraint Programming (DCP) [RvBW06] techniques in order to solve
the CS(O)P problem. In DCP, the variables of the problem are distributed to the nodes of
the CSP engine which become responsible of them and then the problem is solved by using
the techniques of synchronous or asynchronous backtracking [RvBW06].
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8.3.3 Context-aware Service Discovery
In chapter 4 and section 4.1, the notion of Class of Service was introduced and analyzed.
To refresh your memory, classes of service can di er in usage privileges, service priorities,
response times guaranteed to consumers, verbosity of response information, etc. The concept of classes of service also supports di erent capabilities, rights, and needs of potential
consumers of the Web Service, including power and type of devices they execute on. Further,
di erent classes of service may imply di erent utilization of the underlying hardware and
software resources and, consequently, have di erent prices. Additionally, di erent classes of
service can be used for di erent payment models, like pay-per-use or subscription-based.
While the above de nition of a Class of Service is very general, as it includes constraints
on all possible non-functional characteristics of a WS, we were constrained into the notion of
a Service O ering that only included QoS (and price) constraints. So a further step of this
PhD work is to include all possible non-functional characteristics of WSs in WS descriptions.
In this way, not only WS descriptions will be richer but also the WS discovery process will
be more precise as it will be aware of more characteristics of WSs. One set of non-functional
characteristics of WSs (and other entities) that should be added in WS descriptions is called
context. As de ned before, context is any information that can be used to characterize the
situation of an entity. An entity is a person, place or object that is considered relevant to
the interaction between a user and an application including the user and the application
themselves. From this de nition of context, it is clear that QoS is a subclass of context.
This characterization is also justi ed in [SLP03], where context interoperability is analyzed.
So, if we model context and incorporate it into WS descriptions, we also model QoS and
incorporate it into WS descriptions. Thus, context modeling is a step towards a richer and
more accurate WS Description process.
While context modeling caters for a better and richer WS description, what are the
bene ts of the WS discovery process? These bene ts are identi ed with the reasons of
having a system being context-aware. Context-awareness [Dey00] is de ned as a property
of a system that uses context to provide relevant information and/or service to the user,
whereby relevancy depends on the user's task. So let us now look of what are the bene ts
of context-aware services. In general, traditional services perform their functionality based
on explicit inputs and ignore context. Consider a simpli ed traditional telephone service.
A telephone call would be made based on the dialled telephone number. The result would
be a connection to the recipient. Contextual information, such as whether the recipient is
busy (e.g. in a meeting) is completely ignored. In a context-aware service discovery, this
information could be incorporated in the service functionality. In this way, the call would be
forwarded to the user only if he is available, otherwise the voicemail is activated. Therefore,
by using the status of the user (e.g. derived from his calendar) we may be able to provide
more added-value services.
To be able to provide CA (context-aware) service, these services need to consider also
context inputs besides functional inputs. Therefore, the output of a CA service does now also
depend on contextual information. Contextual inputs are provided by context providers such
as GPS, weather station, etc. Context providers form a new party in the service provisioning
process. Besides context inputs, a service exhibits context itself. Consider for instance a
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shopping service. This can be a store located in the city center. The physical location can
be stored in the service description and can be used when discovering this service. Thus,
when a user requests a shopping service nearby, the location of the user and the service
can be matched in order to nd all nearby services. Services that exhibit context but do
not require context inputs are not considered context-aware because they do not use user
context to provide tailored information. However, they can be context-aware discovered.
So CA services use context in order to provide more added-value services to its customers.
So a CA WS discovery service will provide more added-value services to its requesters. But
what are these added-value services? Let us, now, explain the CA WS discovery process and
the bene ts of using context in WS discovery. CA WS discovery is the process of nding
WSs using context and functional descriptions [BPvS+ 04]. In the beginning, functional
matchmaking is performed in order to nd out those WS advertisements that satisfy the
functional needs of the requester. Then, context constraints (which also include QoS ones)
are used to lter out the functionally equivalent WS advertisements (i.e. the user context is
matched against the WS context). In the end, the list of context-plus-functionally equivalent
WS advertisements is ordered based on QoS criteria of the requester, which criteria can be
derived based on the requester's context. The context of the requester or the WS can be
gathered from the requester and the SP respectively or from an independent third-party
Context Provider (CP). In the last case, the CP de nes his context provisioning service
and the owner of the CA WS discovery process pays for invoking it in order to gather
the appropriate context. Unfortunately, context gathering results in non price-free CA WS
registries. Thus, the WS requester has to pay in order to enjoy the bene ts of CA WS
discovery.
There are many reasons for using context in the WS discovery process. The most important of them are the following:
• Request completion (applies to the service requester side): This process should be performed when the WS requester wants to nd services based on contextual criteria.
For instance, the requester wants to nd shopping services nearby. The matching process looks for location information of the WS requesters and functionally-appropriate
WS advertisements. This information is used to match the request and the service.
By completing the request with contextual information, the precision of the result is
improved since the request becomes information-richer and therefore more relevant
results can be returned.
•

Input completion (applies to the SP side): This process should be performed when
services require context inputs that WS requesters do not provide. For instance, the
requester wants to nd open shopping centers. The matching process looks for these
services and concludes that the requester does not provide the current time. It then
looks for time services that can provide this contextual information. By completing
missing inputs, the recall of the result is improved since the services that would be
ignored when not using context, are now returned.

•

Request Completion (applies to the WS discovery process itself): If the WS requester's
context is known or is gathered by the WS discovery process, this information can be
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used to derive missing request information like QoS criteria. In result, the request is
completed and the whole discovery process is executed resulting in an ordered list of
appropriate WS advertisements.
•

Output adaptation : If the WS discovery process is aware of the capabilities of the
device the requester is using, then it can adapt its output. For instance, if it knows
that the requester has a device with a ten-line display, then it could send ten pages
of ten results of the total 100 results of the matching WS advertisements. In another
example, if the requester does not hold any device but there is a nearby printer, then
it could send the 100 results to this printer and inform the user about it.

•

Added-value service o ering : If the WS discovery process is aware of the context of
the requester, then it could o er more services to the requester. For instance, if a
user wants to nd a service for his current task and his agenda is available to the WS
discovery process, then this process could not only search for the best WS matching the
current requester's task but also search for the best WS matching the next requester's
task. As another example, if the user wants to nd a map service and from his status
can be inferred that he is driving, then the WS discovery process could suggest that
he may use the best map service's output as an input to a best route service in order
to nd the best route with the less trac.

While the bene ts of using context in WS discovery are huge, in [BPvS+ 04] there are
several observations about the nature of context from which some issues come out. These
issues in uence the role that context-aware service discovery can play in improving the
quality of the discovery result:
•

Context information exhibits a range of temporal characteristics: Context can be classi ed as static or dynamic. Static context is xed information such as the gender
of a person while dynamic context changes and is for instance location. This provides requirement for context acquisition (e.g. dynamic context has to be regularly
acquired).

•

Context information is imperfect: Pervasive environments are highly dynamic. This
means that distributed information can quickly become out of date. Because of the
distributed property of CA systems, high delays can result in faulty contextual information. Furthermore, derivation algorithms of context producers can produce faulty
information when inferring from crude sensor inputs.

•

Context information is highly interrelated: Several relations are evided between contextual information. For instance, speed can be derived by a time internal and distance
and the openness of a store can be inferred using the current time.

•

Context has many alternative representations: Often context is obtained from sensors.
Before this sensor context information can be used, it has to be processed to generate
concepts which can be used by high level applications. Di erent applications can have
di erent requirements leading to di erent representations of context.
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These observations indicate some limiting factors on how precision and recall rates can
increase by introducing context in the discovery process. When the context is imperfect, the
precision and recall decreases because incorrect information is used. Furthermore, alternative representations among the service requestor, providers and context providers result in
mismatches and decrease precision and recall. The solution to the above problems has not
been found in total yet but at least the following steps are essential:
•

Limit of computational delays such that the probability of faulty context is minimized.

•

Common understanding of context has to be established.

•

Context descriptions should be able to encapsulate relations between contexts to use
the opportunity for context derivation.

•

Context modeling must be performed in a rich and formal way. Ontologies are the
best format of description to use.

•

Context acquisition and gathering should be based on speci c quality criteria like
precision, probability of correctness, trust-worthiness, resolution and up-to-dateness.
These criteria are now called QoC (Quality of Context).

From the above analysis, it is clear that Context-aware WS description and discovery
is a very complicated and hard process where its research is still in its infancy. Our future
work will proceed to tackle many of the research issues raised in this subsection.

8.3.4 CSP Optimization
In chapter 6, it was described that except from classical and explanation-based CP, other
representation formalisms and frameworks can be used for implementing our matchmaking algorithms. Especially for those matchmaking algorithms that must return useful results to over-constrained user queries, two frameworks were distinguished called WeightedMAXCSP [RvBW06] and Semi-ring CP [BMR97] for their appropriateness. Unfortunately,
we did not nd any free or commercial CSP engine o ering/implementing these frameworks.
Moreover, as we were late in discovering these frameworks, we did not have the time to implement and evaluate them based on the facilities of the CSP engine we had selected. So a
future research direction would consist of the following sequential tasks:
1. the implementation of the most important solving approaches/techniques of these two
frameworks based on the building facilities of an appropriate CSP engine;
2. the transformation of the classical CS(O)Ps we use for matchmaking to the formalisms
used by these two frameworks;
3. the reformulation and re-implementation of the CSPunary and CSPopt matchmaking
algorithms based on the facilities each framework provides and the ideas we have
expressed in chapter 6;
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4. experimental evaluation of the new algorithms along with the previous ones in order
to compare them and come to safe conclusions about which one is more appropriate
and in which case.

8.3.5 QoS-based Web Service Composition
According to the analysis of section 1.3 of chapter 1, our QoS-based discovery algorithms can
be exploited in QoS-based WS composition for the design-time and runtime matchmaking
and selection of component services based on local QoS constraints [BSND02]. However,
when global constraints [ZBD+ 03] are present in the user QoS requirements, our algorithms
can be used as an optional rst step for ltering the QoS o ers of those WSs that functionally
match each task (WS component). Then the execution of a QoS-based WS composition
algorithm [ZBN+ 04, JRGM04, GPEV05, YZL07, MDSR07, BPB08] is also required in order
to produce the (part of the) concrete composed WS by also respecting the global constraints.
We have already performed a small critical review of the current state-of-the-art QoSbased WS composition algorithms. Our conclusion is that these algorithms have the following disadvantages:
•

They do not take into account inter-provider QoS o ers. Apart for o ering their WSs
individually and advertising the QoS o ers of these WSs, service providers (SPs) may
cooperate. This cooperation may take the form of a bargain. In other words, the SPs
specify in a speci c formality to the composition engine that if both of their WSs are
used as a part of a composed WS that will be executed, then the cost for using these
two (or more) WSs will be reduced by say 20 percent. Composition engines should be
able to capture this information and exploit it in the QoS-based composition algorithm
used. To the best of our knowledge, none of the QoS-based WS composition algorithms
proposed so far takes this information into account and no composition engine uses a
language to capture this information.

•

There may be cases, especially in sequential execution (sub)paths, where the output
of a selected WS component does not exactly match with the input of the next-tobe-executed selected WS component. To solve this problem, composition engines use
data-transformation services, thus increasing in this way the execution time of the
composed WS. All proposed composition algorithms do not take into account data
dependencies that may exist between WSs (performing complementary functions) and
the time approximately taken to transform the data from one form to the other.
So they produce composed WSs that may ultimately violate their global constraints
concerning execution (or response) time. This problem is magni ed by the fact that
the actual execution of some component WSs (which under-perform) can produce time
delays that are nally propagated to the total execution time of the composed WS.

•

Most of the state-of-the-art research e orts in QoS-based WS composition do not take
into account the time taken for sending an output data as input to the next WS to be
executed. For application domains like Grids, this time may be very considerable.
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•

While SPs of WSs may advertise speci c QoS capabilities of their requirements, there
are many factors that can cause a WS to violate some of its QoS capabilities. So if
these under-performing WSs are part of a composed WS, it is of outmost importance
of both to be able to inspect if there will be a global QoS violation and to adapt to
this change by changing the structure of the composed WS dynamically. Only two of
the most important research e orts have tried to solve this problem, where Zeng et.
al. [ZBN+ 04] use a region-based approach and Canfora et. al. [GPEV05] use a slicebased approach. Of course, these two capabilities, violation inspection and dynamic
adaptation, can be realized and implemented into a QoS-based WS composition engine
only if a cooperating monitoring system exists that has the speci c task of monitoring
the runtime execution of the component WSs.

•

In many cases, it may be possible that not all of the QoS requirements of the requester
can be satis ed based on the available QoS o ers so a valid execution plan cannot be
reduced. This problem is not confronted at all by all QoS-based WS composition
approaches. It can be solved by adopting some of the optimization techniques we
have already proposed in QoS-based WS discovery to the QoS-based WS composition
process.

Thus, an interesting and very prominent future direction is to either extend one of the
already proposed composition algorithms by solving these ve crucial research problems or
to introduce a new one by using a technique or research approach not exploited yet by
these composition algorithms. Additionally, the formal and experimental evaluation of all
the composition algorithms (and of the one we would like to propose and implement) is
another task that would have a great research impact if implemented as it will not only give
insight to the time and space complexity of these algorithms but also reveal cases where one
algorithm outperforms the other ones and vice versa.
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