
Grant Agreement N° 215483  

Copyright © 2008 by the S-CUBE consortium – All rights reserved. 

 
The research leading to these results has received funding from the European Community's Seventh Framework Programme 

FP7/2007-2013 under grant agreement n° 215483 (S-Cube). 
 

 

 

 

 

Title: Consolidated and updated state of the art report on Service-Based 

Applications 

Authors: CITY, CNR, FBK, LERO, Polimi, SEERC, SZTAKI, Tilburg, TUW, 

UniHH, UOC, UPM, USTUTT, VUA, 

Editor: Michele Mancioppi (USTUTT) 

Reviewers: Barbara Pernici (Polimi) 

 Manuel Carro (UPM) 

 Dragan Ivanovic (UPM) 

 Andreas Metzger (UniDue) 

Identifier: CD-IA-1.1.7 

Type: Deliverable 

Version: 1 

Date: 30 November 2011 

Status: Final 

Class: External 

 

Management Summary 
 

This deliverable discusses the advancements of the State of the Art of the topics studied in S-Cube since 

the beginning of the NoE on the basis of both S-Cube and extra-S-Cube research efforts. 

 

 



S-Cube 

Software Services and Systems Network CD-IA-1.1.7 

 External Final Version 1, Dated 30 November 2011  ii   

Members of the S-Cube consortium: 

 

University of Duisburg-Essen (Coordinator) Germany 

Tilburg University Netherlands 

City University London U.K. 

Consiglio Nazionale delle Ricerche Italy 

Center for Scientific and Technological Research Italy 

The French National Institute for Research in Computer Science and Control France 

Lero - The Irish Software Engineering Research Centre Ireland 

Politecnico di Milano Italy 

MTA SZTAKI – Computer and Automation Research Institute Hungary 

Vienna University of Technology Austria 

Université Claude Bernard Lyon France 

University of Crete Greece 

Universidad Politécnica de Madrid Spain 

University of Stuttgart Germany 

University of Hamburg Germany 

Vrije Universiteit Amsterdam   Netherlands 

 

Published S-Cube documents  

 

All public S-Cube deliverables are available from the S-Cube Web Portal at the following URL: 
 

http://www.s-cube-network.eu/results/deliverables/ 

 



S-Cube 

Software Services and Systems Network CD-IA-1.1.7 

 External Final Version 1, Dated 30 November 2011  iii   

The S-Cube Deliverable Series 

 

 

Vision and Objectives of S-Cube 

 

The Software Services and Systems Network (S-Cube) will establish a unified, multidisciplinary, 

vibrant research community which will enable Europe to lead the software-services revolution, 

helping shape the software-service based Internet which is the backbone of our future interactive 

society. 

 
By integrating diverse research communities, S-Cube intends to achieve world-wide scientific 

excellence in a field that is critical for European competitiveness. S-Cube will accomplish its aims by 

meeting the following objectives: 

 Re-aligning, re-shaping and integrating research agendas of key European players from 

diverse research areas and by synthesizing and integrating diversified knowledge, thereby 

establishing a long-lasting foundation for steering research and for achieving innovation at the 

highest level. 

 Inaugurating a Europe-wide common program of education and training for researchers and 

industry thereby creating a common culture that will have a profound impact on the future of 

the field. 

 Establishing a pro-active mobility plan to enable cross-fertilisation and thereby fostering the 

integration of research communities and the establishment of a common software services 

research culture. 

 Establishing trust relationships with industry via European Technology Platforms (specifically 

NESSI) to achieve a catalytic effect in shaping European research, strengthening industrial 

competitiveness and addressing main societal challenges. 

 Defining a broader research vision and perspective that will shape the software-service based 

Internet of the future and will accelerate economic growth and improve the living conditions 

of European citizens. 

 

S-Cube will produce an integrated research community of international reputation and acclaim that 

will help define the future shape of the field of software services which is of critical for European 

competitiveness. S-Cube will provide service engineering methodologies which facilitate the 

development, deployment and adjustment of sophisticated hybrid service-based systems that cannot be 

addressed with today’s limited software engineering approaches. S-Cube will further introduce an 

advanced training program for researchers and practitioners. Finally, S-Cube intends to bring strategic 

added value to European industry by using industry best-practice models and by implementing 

research results into pilot business cases and prototype systems. 
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Chapter 1

Introduction

The goal of this deliverable is to document the advancements in the State of the Art on the topics related
to Service-Based Applications (SBAs) since 2008, year in which the NoE submitted a number of deliver-
ables, namely [PO-08a, PO-08c, PO-08b, PO-08d, PO-08e, PO-08f, PO-08g], dedicated to the different
research areas covered by S-Cube.

In the first round of State of the Art reports delivered in 2008, each JRA was required to produce a
State of the Art for the research areas it covered. Results where then consolidated in [PO-08a], which
provided a summary of the State of the Art reports produced by each JRA, and eventually resulted in
the S-Cube book [PPPM10]. The present deliverable (CD-IA-1.1.7) presents the entire consolidated
consolidated State of the Art considering both research results produced within and outside S-Cube.
The far larger scope of CD-IA-1.1.7 required a different approach on organizing how the information is
presented. First of all, Due to the significant alignment between research activities and the joint research
efforts undertaking by S-Cube members within the S-Cube work programme, the deliverable is organized
as a “flat” collection of topics (which, as could be expected, may have some limited overlap). Each topic
is correlated to the interested JRAs by the “tags” at the beginning of each topic. Moreover, for the sake
of readability, each topic (as well as the current section) is followed by a dedicated references list.

Secondly, to keep the size of the deliverable manageable and readable, it was decided to adopt a
concise style when discussing the advancements of the State of the Art. Therefore, the topics do not
necessarily cover in detail each and every contribution it mentions, but instead focus on trends of research
that have emerged, e.g. matters of particular interests within a certain research area.

Finally, it should be noted that evaluating “how much” has S-Cube contributed to each topic falls
outside of the scope of this deliverable. (Nevertheless, S-Cube results are highlighted by tagging the
relative citations with the acronyms of the S-Cube beneficiaries that contributed them.) An evaluation of
the cohesiveness of S-Cube research will be presented in the upcoming CD-IA-3.2.5 deliverable.

Bibliography

[PO-08a] Comprehensive overview of the state of the art on service-based systems. Deliverable, S-
CUBE Consortium, 2008.

[PO-08b] State of the art report, gap analysis of knowledge on principles, techniques and methodolo-
gies for monitoring and adaptation of sbas. Deliverable, S-Cube Consortium, 2008.

[PO-08c] State of the art report on software engineering design knowledge and survey of HCI and
contextual knowledge. Deliverable, S-Cube Consortium, 2008.

[PO-08d] Survey of quality related aspects relevant for service-based applications. Deliverable, S-Cube
Consortium, 2008.

[PO-08e] Survey on business process management. Deliverable, S-Cube Consortium, 2008.
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[PO-08f] Overview of the state of the art in composition and coordination of services. Deliverable,
S-Cube Consortium, 2008.

[PO-08g] Use case description and state-of-the-art. Deliverable, S-Cube Consortium, 2008.

[PPPM10] Mike P. Papazoglou, Klaus Pohl, Michael Parkin, and Andreas Metzger, editors. Service
Research Challenges and Solutions for the Future Internet - S-Cube - Towards Engineering,
Managing and Adapting Service-Based Systems, volume 6500 of Lecture Notes in Computer
Science. Springer, 2010.
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Chapter 2

Update of the State of the Art on
Service-Based Applications

Table 2.1 presented an outlook of the topics of the State of the Art covered in this chapter, together with
the JRAs the topics are associated to. It should be noted that the research challenges addressed by each
of those JRAs are discussed elsewhere, namely in the upcoming IA-3.1.7 and IA-3.1.8 deliverables.

Topics Related JRAs
Service-Based Application Lifecycle JRA-1.1
Context modeling JRA-1.1, JRA-1.2
Evolution JRA-1.1, JRA-1.2
Using the Cloud to Facilitate Global Software Development Challenges JRA-1.1, JRA-2.3
Human-Computer Interaction & Task Models JRA-1.1
Software Processes for Adaptable Systems JRA-1.1, JRA-1.2
Service-Oriented Architecture Migration JRA-1.1
Service Identification JRA-1.1
Monitoring Service-Based Applications JRA-1.2
Monitor Adaptation JRA-1.2
Adaptable Cloud Infrastructures JRA-1.2, JRA-2.3
Adaptation of Service Compositions JRA-1.2, JRA-2.2
Cross-layer Monitoring and Adaptation JRA-1.2, JRA-2.1, JRA-2.2, JRA-2.3
Quality Modeling JRA-1.3
Proactively Negotiating and Agreeing On Service Level Agreements JRA-1.2, JRA-1.3, JRA-2.2, JRA-2.3
Quality Prediction Techniques to Support Proactive Adaptation JRA-1.2, JRA-1.3
Modeling, Design and Performance Analytics of Service Networks JRA-1.2, JRA-2.1
Modeling, Analysis and Monitoring of Business Transactions JRA-1.2, JRA-2.1
Modeling and Analysis of Service Orchestrations JRA-2.2
Modeling and Analysis of Service Choreographies JRA-2.2
Fragmentation of Service Compositions JRA-2.2
Execution of Distributed Processes JRA-2.2
Monitoring and Analysis of Distributed Processes Performance JRA-1.2, JRA-2.2
Prediction and Prevention of Service Level Agreement Violations in Service Compositions JRA-1.3, JRA-2.2
Chemical- and Nature-Inspired Techniques for Service Composition JRA-2.3
Service Level Agreement-Based Virtualized Service Provision JRA-1.3, JRA-2.3
Federated Cloud Management JRA-2.3
Process Mining JRA-2.3

Table 2.1: Topics covered in this deliverable and the relationship to the S-Cube JRAs
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2.1 Service-Based Application Lifecycle

Involved Workpackages: WP-JRA-1.1

Many of the existing SBA development methodologies are based on the results carried out in the
fields of classical software and system engineering and do not easily facilitate SBA adaptation [Rat03,
PvdH06, AGA+08]. In fact, they mainly focus on the phases that precede the release of software and,
even in the cases in which they focus on the operation phases, they usually do not consider the possibility
for SBAs to adapt dynamically to new situations, contexts, requirement needs, service faults, etc. Some
levels of adaptation are instead supported by other contributions for SBA development such as SOUP
(Service Oriented Unified Process) [Mit09] or the approach by [LPRS07]; however, these approaches
lack of explicit guidelines for the design phase. Other work discuss instead proactive adaptation tech-
niques mainly in isolation and confined to individual phases of the service life-cycle such as [MSPR10]
(UniDUE), [HKMP08] (UniDue, FBK), [GBK+10] (UniDue, FBK) and [LWR+09] (TUW, USTUTT).

Lane and Richardson [LR11] (Lero) carried out a systematic literature review of SBA development
approaches; they identified 57 such approaches of which there were only 8 that specifically dealt with
adaptation. Furthermore, only four of these 8 approaches were concerned with adaptation of SBAs, the
others were concerned with the adaptation of services. Each of the four approaches shows interesting
features, but even those that enable the definition of various adaptation strategies lack a coherent ap-
proach to support designers in this complex task. Moreover, they focus on the implementation process
without considering what impact adaptation has on the rest of the development and operational life-
cycle [VH08, WALK09]. They also tend to focus on particular types of adaptation so it is difficult to
elicit generic adaptation mechanisms from them. In summary, each of these approaches focused on the
analysis and design processes without consideration for any other development or runtime processes.
Runtime issues are instead addressed in a recent and notable contribution in the development of adap-
tive SBA is the Vienna Runtime Environment for Service-oriented Computing (VRESCo) [HLM+10]
(TUW), a framework implemented to address issues like dynamic selection, binding and invocation of
services. The solution developed in the S-Cube project and proposed in [BCN+09, BKC+10] (FBK,
Polimi) aims at considering both design time and runtime aspects and provide complete support for
the SBA designer. In particular, in contrast to more traditional life-cycle models, this model considers
the specifics of service-based systems, particularly concerning evolution and adaptation.

Nowadays, recent literature contributions started to address adaptation issues in the contexts of Grid
or Cloud Computing. All the existing contributions focus on specific aspects. In [BMD09] authors
considers cloud computing stating that such environment require adaptable services that can cope with
system failures and environmental change minimizing human intervention. In the reminder, the focus
is on models for service negotiation and Service-Level Agreement (SLA) mapping. [LBCP09] instead
considers “Elastic cloud computing APIs” as the natural opportunity for designing controllers able to
automate an adaptive service and resource provisioning, and many recent works have explored feedback
control policies for a variety of network services under various assumptions. Some partners of the S-
Cube project have shown that the S-Cube lifecycle can be also used in the cloud environment [MGC+10]
(POLIMI, FBK).

Bibliography

[AGA+08] Ali Arsanjani, Shuvanker Ghosh, Abdul Allam, Tina Abdollah, Sella Ganapathy, and Kerrie
Holley. Soma: A method for developing service-oriented solutions. IBM Systems Journal,
47(3):377–396, 2008.

[BCN+09] Antonio Bucchiarone, Cinzia Cappiello, Elisabetta Di Nitto, Raman Kazhamiakin,
Valentina Mazza, and Marco Pistore. Design for adaptation of service-based applications:
Main issues and requirements. In ICSOC/ServiceWave Workshops, pages 467–476, 2009.
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[BKC+10] Antonio Bucchiarone, Raman Kazhamiakin, Cinzia Cappiello, Elisabetta di Nitto, and
Valentina Mazza. A context-driven adaptation process for service-based applications. In
Proceedings of the 2nd International Workshop on Principles of Engineering Service-
Oriented Systems, PESOS ’10, pages 50–56, New York, NY, USA, 2010. ACM.

[BMD09] Ivona Brandic, Dejan Music, and Schahram Dustdar. Service mediation and negotiation
bootstrapping as first achievements towards self-adaptable grid and cloud services. In Pro-
ceedings of the 6th international conference industry session on Grids meets autonomic
computing, GMAC ’09, pages 1–8, New York, NY, USA, 2009. ACM.

[GBK+10] Andreas Gehlert, Antonio Bucchiarone, Raman Kazhamiakin, Andreas Metzger, Marco Pis-
tore, and Klaus Pohl. Exploiting assumption-based verification for the adaptation of service-
based applications. In SAC, pages 2430–2437, 2010.

[HKMP08] Julia Hielscher, Raman Kazhamiakin, Andreas Metzger, and Marco Pistore. A framework
for proactive self-adaptation of service-based applications based on online testing. In Petri
Mähönen, Klaus Pohl, and Thierry Priol, editors, ServiceWave, volume 5377 of Lecture
Notes in Computer Science, pages 122–133. Springer, 2008.

[HLM+10] Waldemar Hummer, Philipp Leitner, Anton Michlmayr, Florian Rosenberg, and Schahram
Dustdar. VRESCo - Vienna Runtime Environment for Service-oriented Computing, pages
299–324. Service Engineering. European Research Results. Springer, 2010.

[LBCP09] Harold C. Lim, Shivnath Babu, Jeffrey S. Chase, and Sujay S. Parekh. Automated control
in cloud computing: challenges and opportunities. In Proceedings of the 1st workshop on
Automated control for datacenters and clouds, ACDC ’09, pages 13–18, New York, NY,
USA, 2009. ACM.

[LPRS07] David Linner, Heiko Pfeffer, Ilja Radusch, and Stephan Steglich. Biology as inspiration
towards a novel service life-cycle. In Bin Xiao, Laurence Tianruo Yang, Jianhua Ma, Chris-
tian Müller-Schloer, and Yu Hua, editors, ATC, volume 4610 of Lecture Notes in Computer
Science, pages 94–102. Springer, 2007.

[LR11] Stephen Lane and Ita Richardson. Process models for service-based applications: A sys-
tematic literature review. Information & Software Technology, 53(5):424–439, 2011.

[LWR+09] Philipp Leitner, Branimir Wetzstein, Florian Rosenberg, Anton Michlmayr, Schahram Dust-
dar, and Frank Leymann. Runtime prediction of service level agreement violations for com-
posite services. In ICSOC/ServiceWave Workshops, pages 176–186, 2009.

[MGC+10] Dominik Meiländer, Sergei Gorlatch, Cinzia Cappiello, Valentina Mazza, Raman Kazhami-
akin, and Antonio Bucchiarone. Using a lifecycle model for developing and executing
adaptable interactive distributed applications. In ServiceWave, pages 175–186, 2010.

[Mit09] K. Mittal. Service oriented unified process, 2009.

[MSPR10] Andreas Metzger, Osama Sammodi, Klaus Pohl, and Mark Rzepka. Towards pro-active
adaptation with confidence: augmenting service monitoring with online testing. In Proceed-
ings of the 2010 ICSE Workshop on Software Engineering for Adaptive and Self-Managing
Systems, SEAMS ’10, pages 20–28, New York, NY, USA, 2010. ACM.

[PvdH06] Mike P. Papazoglou and Willem-Jan van den Heuvel. Service-oriented design and develop-
ment methodology. Int. J. Web Eng. Technol., 2(4):412–442, 2006.
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[Rat03] Rational. Rational unified process - best practices for software development teams. Rational
Software White Paper TP026B, Rev 11/01, December 2003.

[VH08] Samyr Vale and Slimane Hammoudi. Model driven development of context-aware service
oriented architecture. In Proceedings of the 2008 11th IEEE International Conference on
Computational Science and Engineering - Workshops, pages 412–418, Washington, DC,
USA, 2008. IEEE Computer Society.

[WALK09] Yves Wautelet, Youssef Achbany, Jean-Charles Lange, and Manuel Kolp. A process for
developing adaptable and open service systems: Application in supply chain management.
In Joaquim Filipe and José Cordeiro, editors, ICEIS, volume 24 of Lecture Notes in Business
Information Processing, pages 564–576. Springer, 2009.

2.2 Context modeling

Involved Workpackages: WP-JRA-1.1, WP-JRA-1.2

Several definitions and characterizations for the term context can be found in the literature and, along
with these definitions, different context models have been proposed. Context models aim to provide a
better understanding of the properties, aspects, categories, or dimensions related to context. It has been
noticed that most of the approaches dealing with context models or context modeling are general in order
to cover different scenarios. The approaches described here address context modeling in SBAs. They
propose new context models to cover issues ranging from requirements elicitation to the development of
context aware applications.

In [BKC+10] (FBK, Polimi) a context model has been proposed for the formalization of the most
relevant aspects characterizing a Service-Based System (SBS). It consists of an eXtensible Markup Lan-
guage (XML) representation of the main context components for SBSs featuring six main dimensions
that are used to describe the status of an application. These dimensions include: (i) time, referring to
the information about the time in which the system is accessed; (ii) ambient, related to space factors
(e.g. address) or environmental conditions of the user; (iii) user, concerned with the privileges, roles, and
preferences of users; (iv) service, related to information about the services in the system; (v) business,
which takes into account business application factors; and (vi) computing, which specifies the available
software and/or hardware characteristics.

An ontology-based context framework is presented in [BWP09b, BWP09a]. The work in [BWP09b]
aims at facilitating the development and deployment of context-based web service applications (see
also Section 2.1). The work in [BWP09a] aims at dynamically integrating context model-based con-
straints into web service processes. The context model is composed of four context types, namely
Functional, Quality of Service (QoS), Domain, and Platform context. Functional context describes the
operational features of services in terms of i) syntax: input and output parameters; ii) effect: pre and
post-conditions; and iii) protocol: rules and data flow. QoS context deals with the needs, explicitly de-
clared by the user and requirements not known to users. It includes i) runtime attributes: measurable
properties; ii) financial/business attributes: assessment of a service from a financial perspective; iii) se-
curity attributes: whether the service is compliant with security requirements; and iv) trust attributes:
relationship between clients and providers. The Domain describes each application in its own context
including i) semantics: concepts and properties; ii) linguistics: the language used; and iii) measures and
standards. The Platform context category describes the technical environment. It involves i) devices:
computer/hw platform, and ii) connectivity: network infrastructure.

An integrated context model for business process management is presented in [WNL11]. The ap-
proach aims for an integrated view of context data belonging to context-aware services, workflows,
human tasks and their interrelations (see also Section 2.5). The model consists of three parts: workflow
model, service model, and task model. Each part is represented in terms of classes with sub-classes
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in some cases. For each class there are attributes describing states and context. The workflow model
is concerned with the control flow of the application, including state of execution, processed data, and
generated tasks. The service model is concerned with services, including supported operations, access
protocol, and performed operations. The task model is concerned with human tasks, including action,
duration, origin, and destinations.

A framework for context information provisioning is proposed in [BE11]. The framework relies
on context service deployment on the cloud and use of context brokers to mediate between context con-
sumers and context services using a publish/subscribe model (see Section 2.4). A multi-attribute decision
algorithm is used for the selection of potential context services that can fulfill contexts consumers’ re-
quests for context information. The selection is made based on the QoS and Quality of Context (QoC)
information requirements expressed by the context consumer (Section 2.14). Context information is pro-
cessed according to who, where, when, what, and why a service was invoked. This is enough to respond
to different situational circumstances, e.g. the identity of client who invoked a service, the activity that
the client is carrying out at the time it invokes a service, and the device a client is using to invoke the
service.

A service-based approach to develop context-aware automotive telematics systems is presented in
[TCH10]. Telematic systems are automotive technologies combining advanced communications and
vehicle technologies. The approach utilizes services as a means to acquire context and assist telemat-
ics in adapting contexts. A four-layer-architecture enables the separation of development of telematics
and management of context adaptation (see Section 2.13). The first layer supports the operation and
integration between hardware and sensors. The second layer wraps functions (from the first layer) as
physical context services that expose standard Web Service Description Language (WSDL) descriptions.
This layer also manages discovery and binding of external services provided by a third party, e.g. loca-
tion services. The third layer includes social context models that represent relationships and interaction
constraints between entities, as well as how interactions are affected by physical context facts. Each so-
cial context is modeled using a role-oriented adaptive design composition consisting of functional roles,
interactions constraints, and organizer role. A social context model is implemented as a service that
exposes WSDL interfaces corresponding to its functional role. The fourth layer includes context-aware
telematics that use context services (social and physical) to “sense” context and adapt themselves in
response to changes of context.

In [SC11] a context-based model for access control in mobile web services is proposed. The work
combines semantic web technologies with context-based access control mechanisms. An ontology is
used for modeling and reasoning about context, and specifying access control policies. The context
model consists of four different context types covering access control: subject contexts, object contexts,
transaction contexts, and environment contexts. In the case of subject contexts, a subject is an entity that
takes action on an object or resource. Subject contexts define the specific subject-related contexts that
must be held by a subject to obtain rights to use an object or resource. In the case of object contexts,
an object is an entity that is influenced by a subject. Object contexts are any object-related information
that can be used for characterizing the situation in which an object was created and information about its
current status. In the case of transaction contexts, a transaction involves the user, the mobile platform,
the specific resource or service, and the physical environment. Transaction contexts specify particular
actions to be performed in the system. In the case of environment contexts, an environment describes the
operational, technical, and situational environment at the time a transaction takes place.
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2.3 Evolution

Involved Workpackages: WP-JRA-1.1, WP-JRA-1.2

Works on service evolution can be categorized based on how they deal with service compatibility.
More specifically, on the one end of the spectrum there are approaches that do not consider whether
changes to a service break the consumers of the service, preferring to remain as neutral as possible.
On the other end, there are approaches that aim to enforce non-breaking changes of services to the ex-
tent that versioning of the service description can be simply subsumed under one version, the active
one (i.e. deployed and running). Recent examples of the former type are the version-aware extensions
of WSDL and Business Process Execution Language (BPEL) discussed in [JSBR09] and [JSR09], re-
spectively, and the VRESCo service environment with its service registry encoding explicitly versioning
history [LMRD08] (TUW).

Approaches that attempt to preserve the compatibility of a service usually fall in one of the following
categories [And10]:

Corrective: adaptation-based approaches that actively enforce the non-breaking of existing consumers
by modifying the service and as such they are more appropriately discussed in JRA-1.2, and

Preventive: approaches that attempt to confine and forbid changes that would disrupt the consumers
(instead of fixing them).

Since the beginning of S-Cube, few works have been concerned with preventive evolution outside of
the context of the network; the most important of them are [JD08, PM08, Flu08, BLM+08]. All these
works basically follow the guidelines of [BE04] to define backward compatibility preserving changes as
a limited set of allowed service description modifications and propose different versioning methods and
strategies depending on their goals.
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Within the confines of S-Cube, a series of publications have appeared dealing with the issue of
compatibility in service evolution (in a preventive manner) [ABP08, ABP09, PAB11] (Tilburg, UCBL)
and [And10]. This body of work establishes a robust theoretical foundation for dealing with the evolution
of software services. The focus is on controlling the development of the service so as to constrain the
effect of changes to the service consumers and avoid disruption, inconsistencies and spurious results
when utilized by its clients. The contribution to the State of the Art is threefold: firstly, it introduces
a language-independent, technology-agnostic notation for the representation of services that transcends
existing formalisms and languages. As such, the notation is equally applicable to different types of
software services, from enterprise-level business services, to Cloud-related services. Secondly, the work
develops a rigorous formal framework, consistency criteria and algorithms which control and delimit
the evolution of services. The theoretical framework presented is at the cross-section of programming
language theories, service oriented computing and software engineering. At the same time it calls into
question the existing standards and support technologies as regards the facilities they provide for service
change. To this effect, this provides a series of recommendations for the improvement of service-related
technologies towards the direction of supporting service evolution. Finally, the works introduce a novel
model of managing the evolution of services using bilateral agreements called service contracts between
service providers and consumers. Explicit contracts between providers and consumers allow for greater
flexibility in evolving both parties, but also allow for the evolution of the agreements themselves under
clearly defined conditions.
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2.4 Using the Cloud to Facilitate Global Software Development Chal-
lenges

Involved Workpackages: WP-JRA-1.1, WP-JRA-2.3

The cloud model is composed of three service models (Infrastructure as a Service (IaaS), Software as
a Service (SaaS), and Platform as a Service (PaaS)), five essential characteristics, and four deployment
models [BGK+11]. So in order to investigate the state of the art of the existing research in the domain,
it is important to comprehend its different representations; that is, IaaS, PaaS, and SaaS. As their names
suggest, different cloud based resources are provided in the form of services which further establishes
their involvement with the services research. In IaaS, users can scale up and scale down computing
resources dynamically in the form of computing power, storage, and network connectivity. Examples
include Amazon EC2 and Microsoft Windows Azure Platform. PaaS provides a development platform
as a service to assist application design, development, testing, and deployment. It usually requires no
software downloads or installations. Google App Engine, Microsoft Azure, and Amazon Simple Storage
Service are some of the examples of this representation of the cloud. With the rapid development of
the Internet, users’ requirements for computing and data storage are realized through the World Wide
Web [ZZCH10]. SaaS is a software delivery paradigm where software is hosted off premise and is
delivered via web to large number of tenants. A single software installation can cover many user needs as
it is provided to end users on demand in the form of service. This software can be shared by multiple users
and further enhancements and features can be requested on demand. The following section highlights
the contribution S-Cube makes to the cloud computing research, and state of the existing research on the
topic is also presented.

In S-Cube, cloud computing research has been mainly focused on IaaS and SaaS. The first work
on IaaS [KKB09] (SZTAKI, TUW) targets using SLAs for the provision of non-functional guarantees,
and the second one [BEM+10] (TUW, SZTAKI) aims at self-manageable cloud infrastructures which
could avoid SLA violations by reacting actively to the changing conditions. Another work [MKKK11]
(SZTAKI) on this domain proposes deployment of cloud services on various cloud infrastructures by
using an automatic service deployment methodology. On the whole, the focus of the IaaS research has
been on configuring the infrastructure in an optimal way for optimal provision of cloud services to end
users. In terms of SaaS, [GKMW11] (Polimi, SZTAKI, FBK, USTUTT) proposed a multilayer frame-
work for monitoring the requirements and use cases of complex service-based systems. The usefulness
of the research could come into play while building a SaaS layer on top of a cloud infrastructure. Another
work [MMLP09] (UniDUE, USTUTT) on SaaS tends to focus on customization of software as a service
to meet varying functional and quality requirements of cloud tenants. The proposed approach makes use
of software product line engineering domain.

This software can be shared by multiple users and further enhancements and features can be requested
on demand. In the following section, we briefly look into the state of the existing research on cloud
computing and potential contribution to the S-Cube project.

Building application on a software delivery platform changes the way software is designed, devel-
oped, and delivered [ECM08]. This application software is not intrinsically service oriented in the high
performance cloud computing [HZG+10]. Moreover, the use of cloud brings in different challenges
as well [BGK+11, KM10, ZZCH10]. Security, privacy, and trust have been a research concern for
services [Zha08] and researchers have targeted the same issues for the cloud as well. In addition, re-
search on the cloud computing domain has focused on license types & payments systems [JST+09,
MS08], intended users’ groups (for example private, corporate, and public users), security, privacy, and
trust [KM10, Mic09], standardization, and formal agreements [ZZCH10].

In service-oriented environments, the primary focus is not software product but rather service pro-
vided by the software. Since Service Oriented Architecture (SOA) is considered to be as one of the
main technical foundations of the cloud, researchers have been trying to bridge both of these to address
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issues with the existing cloud paradigm. [TSB10] Has proposed a service oriented cloud computing
architecture which allows application to run on different clouds and thus supports application migration
from one cloud to another one and service deployment to different clouds. The idea is to separate the
roles of service provider and the cloud provider to promote an open platform with open standards. But
research in the area not only has been focusing on creating a link between SOA and the cloud but also
has been addressing different challenges posed by the cloud paradigm. Software has become a vital
component of almost every business [KM10]. Though SaaS leverages web services as a technology
foundation [JST+09], it does bring up attributes like scalability and multi-tenancy which are not ad-
dressed by SOA. After a software application has been developed and deployed, subscription is a key
step that connects a cloud service provider with a consumer. Therefore, the design of a subscription man-
agement is critical for a SaaS provider to appropriately decompose its application into a service. Since
the cloud adopts a usage based charging model, the client would subscribe to the service first in order
to use it. Considering the importance of the topic, researchers have proposed pricing and subscription
management for the cloud services [JST+09, MS08]. Clouds provide capacity to serve a wide and con-
stantly expanding range of information processing needs [RMSG10]. Software development activities,
for example testing capabilities have been proposed providing as a service. This service can provide
users with testing services such as auto generation of test cases, their execution, and evaluation of the
results [YTC+10, YZX+09, CBZ10].

One of the main objectives of the cloud computing is to provide resources to users and there could
be four types of such resources [ZZ09]: infrastructure, software, applications, and business processes.
Provision of these resources can benefit by supporting collaboration and communication among the cor-
porate users. By considering these characteristics, the authors propose using the cloud paradigm to
support Global Software Development (GSD) in which teams are distributed across multiple geographi-
cal locations [HM01]. The characteristics and the architecture of the cloud model itself has the potential
to fulfill the GSD task requirements. In [HCR+11] (VUA, LERO, Polimi), the authors discuss that
cloud deployment models allow certain trusted partners (which could be GSD team members) to share
resources among themselves. Service models may not only provide access to collaboration and pro-
ductivity tools but also allow network access to computing resources and the use as you go feature is
likely to reduce the overall project costs across multiple development sites as computing resources and
infrastructure is not required up-front.
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2.5 Human-Computer Interaction & Task Models

Involved Workpackages: WP-JRA-1.1

This section reports updates on approaches to exploit knowledge from Human-Computer Interaction
(HCI) in Service Oriented Computing (SOC).

The state-of-the-art presented in [PO-08] (Tilburg, FBK, Polimi, UniDue, CITY) highlighted promis-
ing HCI topics for the enhancement of services and SBAs. Notable advances have been made for some of
these such as User Interface generation, Task Modeling and Social Networks, while others have known
a markedly slower development. Overall however, it may be said in the light of the surveyed material
that a greater awareness and consideration of HCI concerns can be identified in the literature than was
possible only a couple of years ago.

Accessibility The state of the art presented in [PO-08] (Tilburg, FBK, Polimi, UniDue, CITY) outlined
the economic, legal and social necessity for the accessibility of software services to users with varying
abilities. Obstacles towards this goal include the lack of guidance for developers without specialized
accessibility knowledge and skills to navigate, identify and apply relevant accessibility guidelines to
their application.

[GVT+10, GTH11] propose a framework and tools to help developers overcome this problem. The
authors re-iterate and motivate the need to make SBAs more accessible and define and characterize
an accessible Web service. Further, they describe a Web service accessibility assessment framework
comprising sets of categorized accessibility guidelines (core, basic and extended), and specific techniques
to verify Web service compliance to each guideline. The authors also propose a web service assessment
tool allowing among others automatic evaluation of a Web service’s accessibility according to the above-
mentioned guidelines.

User Modeling, Customization and Personalization Extensive research has been carried in S-Cube
on the topic of adaptation (e.g. see Section 2.6, Section 2.11, Section 2.12). From an HCI perspective,
user modeling can provide important context information supporting services adaptation and personal-
ization to end-users. It is however challenging to acquire a significant amount of information about a
user’s characteristics with minimum disruption to that user, or without relying on their repeated, ex-
plicit participation to the data collection which is far from guaranteed. Sharing and reusing existing user
models (including partial ones) across applications can overcome this problem, but has its own set of
challenges including data incompatibility for communication and exchange from system to system.

[CF09] address the interoperability issue preventing feature-based, user-adaptive applications from
exchanging User Modeling (UM) knowledge. The authors suggest that the loosely coupled structure and
the standards underlying Web Services (Simple Object Access Protocol (SOAP), WSDL and Universal
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Description, Discovery and Integration (UDDI)) provide a solution to the UM syntactic interoperability
issue, and propose a framework supporting a discovery mechanism, a pattern of communication, and a
dialogue model for the cooperation of user-adaptive systems. In this approach, user-adaptive systems
make their UMs available as services and provide to each other a set of WSDL operations to access this
data. A framework architecture uses among others a central UDDI registry enhanced with UM specific
capabilities for the systems to publish their description.

In S-Cube, [CZ10] (CITY) address the modeling of user information and propose an XML format
model and an ontology to represent different types of information about users that interact with service
based systems (user context) - for instance user characteristics such as role, skills and preferences (direct
user context types), and related user context types such as time, location, and environment that may
influence user information. This work is relatable to the context modeling research outlined in Section 2.2
and Section 2.12, i.e. Bucchiarone et al. run-time context-aware adaptation approach [BPRK].

Perhaps unsurprisingly considering services’ focus on reuse, no advances were registered on the topic
of customization – the design and creation of content that meets a customer’s specific needs. However, a
new contribution to the literature on personalization in the context of SOA was sourced.

[Cas10] addresses the challenge of providing services that accommodate a user’s specific context.
The author envisages a Service Personalization ARchitecture (SPARK) incorporating ontology based
service descriptions, probabilistic semantic approaches and machine learning techniques to enable ma-
chines to understand different services functionality, and consequently provide best-matching-service
discovery, composition, and/or recommendation as fitting for a end user’s specific preferences and goals.

User Interface Generation [PO-08] (Tilburg, FBK, Polimi, UniDue, CITY) presented motivations
and challenges for providing high quality User Interfaces (UIs) for services. A trend towards End User
Development (EUD) using graphical user interface-focused approaches to enable it seem to have devel-
oped since, and an explicit recourse to HCI guidelines for the development of usable UIs can also be
noted.

[Cas11] reviews issues behind past failures of composition technologies (including service composi-
tion), and makes a case to empower end user to develop applications. The author suggests EUD as a key
driver for improving composition platforms and tools, and hints at principles and proposals including
more user-friendly composition paradigms to render EUD feasible for composition-based applications.

[NDP09] propose one such innovative paradigm for the automatic generation of service UIs and
a simpler, “WYSIWYG” (What You See Is What You Get) composition of Web applications at the
presentation layer. They outline a user-centric approach to graphically model and create simple SBAs
using the concept of service annotations: reusable, formally defined information fragments that provide
additional information about a Web service – here, UI-related visual and behavioural information. The
ServFace Builder, a web-based design-time authoring tool, uses consolidated HCI user interface design
guidelines, the service description, and UI-related service annotations to automatically generate a UI (a
service front-end) for each operation that a user acting as a service composer adds to his application.
The user can then compose services using these front-ends rather than the application logic or data, this
without requiring technical knowledge about service composition [DFN+10, NDP09, FJN+09, Con].

[LSRH09] also address the challenge of EUD for unskilled users. The authors report current web-
based service front-ends as inadequate due to a lack of formal engineering techniques, and stress the
ubiquity of HCI as a key feature of an Internet of Services for anytime, anywhere access to flexible, user-
friendly services. As a step towards a user-centric SOA conceived as an Internet of services enabling
users with no programming skills to co-produce and share composed applications, they outline a SOA-
oriented framework built upon a visual gadget programming environment (FAST), a mashup platform
to build small enterprise applications (EzWeb), and design principles including context-aware, adaptive
interaction and end-user knowledge exploitation to improve service front-ends.

In contrast, other work in the area addresses professional or skilled programmers and propose meth-
ods and tooling to support them engineering SBAs and/or UIs.
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[PSS10a, PSS11] aim to address misunderstandings about service functionalities and interaction that
arise due to the fact that SBA developers are often not the services developers. The authors discuss a
selection of HCI models, their relations to services and how they can support SBA engineering, and
propose an HCI-based environment to generate usable service front-ends. Here again they use service
annotations, and present a method to implement a concrete interface from a task model and an associ-
ated tool supporting the management and use of Web services and their annotations for UI design and
development.

[DST+10] also target SBA developers, more specifically for the engineering of applications that re-
quire service composition, process automation logic, and include human interaction using a complex UI
tailored to support a specific task. They outline an approach to bring together UIs, Web services and
people in a single orchestration logic and tool. The authors describe: a composition paradigm based on
web-based UI components and services as building blocks; BPEL4UI, an extension to BPEL with UI-
specific constructs to model UI orchestrations; and MarcoFlow, a system for the design and deployment
of a UI orchestration.

Task Modeling Although many business processes involve human tasks, taking into account or mod-
eling these interactions is still challenging using approaches currently in practice. Since the state of
the art [PO-08] (Tilburg, FBK, Polimi, UniDue, CITY) proposed HCI task models as a way forward to
address this issue, a few developments related to user tasks in SOA have been noted.

[ZLS+10] address the limitations of notations such as BPEL4People, and model human tasks as
services using Human-Interaction Services (HTSs), a type of Web service handling presentation logics
and coordinating the Web services with business functionalities. The approach uses standard BPEL
processes, and automatically generates rich user interfaces for the HTSs using a web browser-based
mashup toolkit implementing a component-based, on-the-fly mashup composition builder and runtime.

Previously referenced work by Paternó et al. [PSS10b, PSS] exploits task modeling and delivers an
environment to support tasks and services matching using ConcurTaskTree (CTT) models to develop
user interfaces.

[KP10] use user task model for service discovery. The authors make use of a domain ontology and
designer-provided CTT user task models to produce service models specifying service combinations that
realize application functionality. The approach generates service discovery queries from each system
task description that are executed to discover, categorize and rank services based on a textual similarity
measure.

As outlined in more details in Section 2.2, [WNL11] include a task model concerned with human
tasks including action, duration, origin, and destinations as part of their integrated context model for
business process management.

Finally, in S-Cube [CD-10] (CITY, LERO, Polimi, VUA) propose an approach to task-based service
discovery that exploits reusable task structures comprising a user task and goal description, CTT task
model, and class descriptions for corresponding service solution(s). The authors present a task-based
service discovery algorithm for the discovery of best-fit services relevant to an end-user task: the algo-
rithm essentially discover services by matching terms describing the user problem to related user task
models that, in turn, are used to reformulate the service queries. Although this approach like [KP10]
require non-automated processes (e.g. for the design of task models) which limits somehow their cost-
effectiveness, the convergence of ideas and of chosen task modeling notations serves as an indicator of
the potential of these approaches for enhancements to SBA engineering.

Social Networks The state of the art presented in [PO-08] (Tilburg, FBK, Polimi, UniDue, CITY)
suggested that aspects of social networks may be applied to the distribution, discoverability and rec-
ommendations of services. Academic research carried since seem to be progressing in this direction as
visible from the contributions identified in the literature. For instance, [MHH11] suggest that social net-
works, with their underlying principles and metrics, can offer innovative solutions to some of the issues
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services (and more specifically, Web services) face today, and propose incorporating social elements into
web service operations to support SOA needs such as description, discovery and composition. The au-
thors advocate consideration of past experiences (as opposed to information exclusively related to Web
services), helping users become proactive, and stressing the interactions that occur between users, be-
tween Web services, and between users and Web services. Consequently, they propose to put in place a
social network-based strategy for Web service management to offer better exposure, use, and follow-up
of Web services.

[MB09] address the challenge of trust establishment for Web services. The authors propose RATEWeb,
a Reputation Assessment framework, and develop a community ontology that serves as a template for
describing communities and Web services. They also describe techniques based on a community model
for ratings collection in order to support trust-based selection and composition of Web services: Web
services share feedback ratings of service providers with their peers, collectively building a provider’s
reputation used to evaluate trust. This ultimately helps them determine to which extent they may trust
other services to provide a required functionality before they interact with them.

[MFB+11] apply social networking concepts to enhance Web service discovery. The authors propose
to group similar Web services into communities and discuss necessary set up, structuring and manage-
ment to help service discovery. They report two behaviors taking place within a community: competition
as the Web services in a community vie to participate in Web services compositions, and cooperation as
they contribute together to the attractiveness and growth of their community – for instance, by main-
taining a good reputation level and substituting for each other in case one of them fails. The authors
propose guidelines and a community architecture to support these behaviors. They outline protocols for
the establishment and dismantlement of communities, and introduce the concept of a master component
(possibly implemented as a broker Web service) deployed to lead and oversee events (e.g. new service
arrival, service departure) once the functionality of the community has been defined. Finally, the authors
describe a reputation system to support competition between communities of web services offering the
same functionality.

[EM11] also address service discovery; the authors suggest that the interactions among Web services
construct a network of relationships leading to a social network of services, which they characterize.
They describe a search algorithm for these networks in order to select an effective set of services that can
collaborate to attain the main goal of the SBA at hand. Finally, [MHDC10] apply social network analysis
to enhance service composition using the Social Composer (SoCo), a framework providing dynamic
recommendations for services discovery and selection based on the users’ interactions and information
from his social networks.
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2.6 Software Processes for Adaptable Systems

Involved Workpackages: WP-JRA-1.1, WP-JRA-1.2

Several approaches have been proposed to aid in the development of adaptable SBAs. Most of these
approaches focus on a particular area of adaptation with few providing holistic processes.

Life-cycles that support adaptation include the BEA reference lifecycle [DGK+], it is a complete
development life-cycle for SBAs that also supports some aspects of adaptation. It provides guidelines
for the service monitoring and runtime correctness analysis. The Web Services Development Methodol-
ogy (SLDC) [PvdH06] is another complete development life-cycle that somewhat supports adaptation.
It is an iterative life-cycle with processes for Analysis, Design, Construction, Testing, Provisioning, De-
ployment, Execution and Monitoring. It has adaptation activities for QoS monitoring and for providing
notifications of compliance failures.

Trainotti et al. [TPC+05] propose the ASTRO approach which supports the automated composition
of business services. This is not a life-cycle, rather a process and tool-set for specific aspects of adapta-
tion. ASTRO provides tools for generating compositions, monitoring the compositions and tools which
display graphical representations of the executing services. The SeCSE methodology [ATO07] also pro-
vides tools for the adaptation of SBAs. It provides tools for service binding/rebinding, run-time service
composition and recovery management.
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There are several other processes reported in the literature that also facilitate adaptation in one way
or another. In order to get a complete set of processes available Lane and Richardson [LR11] (Lero) con-
ducted a systematic literature review using the method proposed in [KC07]. They identified 8 processes
in their study that satisfied the criteria of facilitation adaptation.

Four of the approaches support adaptation through adaptation of the services themselves [ABC+07,
kANK09, CK07, BVB09], while the others support adaptation at the application level [OYP05, VH08,
WHA+09]. Four of them are also based on other models while four are bespoke. Finally, half of the
models identified employed the model driven development approach while the others did not.

The S-Cube partners have built on the state of the art and created a holistic design time and runtime
adaptation reference model [LBR11] (Lero, FBK). The model used the state of the art to construct a
skeleton reference model that was enhanced with data collected during an empirical investigation. The
empirical investigation consisted of interviews with 20 service practitioners during an expert opinion and
a case study. The data from the interviews was transcribed and coded to identify process attributes that
could be used to construct the model.

In order to validate the model it was compared to a related component-oriented adaptation approach
in order to verify its capability to adapt an application. In order to see that the model is suitable for use
in a real project scenario it was mapped to a development approach that has been widely used by service
development practitioners. Future validation of the model will include a survey with an expert panel
which will give a better view of the models generalisability.
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2.7 Service-Oriented Architecture Migration

Involved Workpackages: WP-JRA-1.1

One of the key promises of service oriented paradigm is facilitating reuse of enterprise assets in
legacy systems. Migration of legacy systems to service-based systems enables achieving advantages
offered by SOA while still reusing the embedded capabilities in the legacy systems. To obtain the SOA
Migration categories in the field, a systematic review that extracts migration categories existing in the
field was conducted and reported in [RL10]. Each of these categories called SOA migration families are
described in the following.

Code Translation: Migration, in code translation family, entails moving the legacy system as a whole to
a service-oriented platform or technology, without decomposing the existing system. Approaches
that fall in this category either translate the whole code to web services or wrap the whole applica-
tion as a web service [BT03, ZBZ+08, Hua09, CMX10].

Service Identification: This family of approaches focuses on the identification of the candidate services
in the existing legacy system using reverse engineering techniques [OSL05, CZL+09, SP08, LT08,
IZH08, CWBP09, ZZYZ10].

Business Model Transformation: This family supports decision making on the migration process itself.
Due to the orthogonal view of this category on the migration process, this category is recognized
as a “meta-process” [LBLA04, LS06, HKW+07, UZ09, CAD07].
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Design Element Transformation: Migration in this family is limited to reshaping the existing legacy
elements to the service-based elements [APK+08, GPGF09, GGCY05, HA08, HTZZ08, LHYC07,
LAN+09, Sne06, ZK00]. More precisely, a set of legacy elements, extracted using “code analysis”
or simply known beforehand, are transferred to a set of services or service-based elements.

Forward Engineering: The main focus of this family is on development of service-based systems start-
ing from the desired business processes [CAO+07, CLC05, MHV10, KMPV10, NGvD10]. Mi-
gration here entails Top-Down service-based development while locating the realization of the
required business functionalities and transforming them to services.

Design and Composite Element Transformation: Migration in this family embraces recovering and
refactoring of the legacy architecture to the service-oriented architecture as well as reshaping the
legacy elements to service-based elements [CFFT08, CGDG08, HCM+08, WZZ08, ZYC06].

Pattern-based Composition Transformation: A common feature in this family is using “patterns” for
transforming the existing architecture to service-based architecture [ATZ08, KS08, PB06].

Forward Engineering with Gap Analysis Family: What distinguishes this family from pure top-down
service development approaches is that at different abstraction levels a comparison (a gap analysis)
among the new and pre-existing artifacts occurs [NvdHP+09a, AZR10, WZWZ10, ZYZZ10]. This
comparison serves to assess how the desired business services can be realized by exploiting pre-
existing capabilities.

A chronological perspective on the distribution of the primary studies among families brings insight
about the trends in the field. These trends are fundamentally two, treated in the following.

Generally families centering forward engineering are more recent. The “Forward Engineering with
Gap Analysis Family” family appeared in early 2009, by an S-Cube contribution reported in [NvdHP+09a,
NvdHP+09b]. By early 2011 this family has 4 members that indicates an increasing interest on this type
of migration. In the same vein, the “Forward engineering family” had gained considerably more attention
since early 2009. In our view, this shift form reverse engineering to forward engineering is in line with the
shift in how SOA is perceived: from a technology enabler to a software engineering paradigm [Sho10].
More precisely, in the SOA hype organizations perceived SOA as a technology enabler that facilitates
integrating their existing applications, while now SOA is perceived as a paradigm that guides the devel-
opment of enterprise services from existing assets.

Migration, inherently, embraces a trade-off analysis between the leveraging the legacy assets (i.e.
“As-Is state”) and achieving the promises of SOA (i.e. “To-Be state”). Based on what drives the migration
one could categorize the migration approaches to the following to types: the ones driven by “As-Is state”
and the ones driven by “To-Be” state [MR11]. The analysis of migration approaches finds that the
ones being published before 2009 were mainly driven by “As-Is state” (almost 80%). This indicates
an important gap between research and practice as majority of the industrial approaches are “To-Be
driven”. From 2009 onwards, however, the “To-Be driven” approaches gained increasing focus (i.e.
40% of approaches). It should be noted that “To-Be driven” approaches has been acknowledged as a
best practice that enables achieving the migration goals. This highlights promising steps for research to
support industry-relevant research.
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2.8 Service Identification

Involved Workpackages: WP-JRA-1.1

A key factor that determines whether an enterprise really can benefit from adopting SOA is the
design of services, including the scope of functionality a service exposes to meet business needs, and the
boundaries between services to achieve maximum reusability and flexibility [Erl05].

In the design of services, Service Identification (SI) is a significant task aiming at determining (based
on available resources) services that are appropriate for use in an SOA. Many Service Identification
Methods (SIMs) have been proposed from both academia and industry.

The very first attempt to tackle the problem of identifying services is originated in 2004, in [JZC04].
This attempt is an algorithm-based approach to devise a list of services based on application domain
knowledge. Given the relative new theme and approach, validation was put in place to ensure its cred-
ibility to the service community. Since this attempt a large number of approaches were proposed rang-
ing from automated/pattern-based (e.g. [JSM08, CBFB07]) to manual/guidelines-based (e.g. [IB07,
KKB07]).

However, none of the early attempts offered a comprehensive methodology delivering all service
types (business services, data services, composite services, IT services, web services and partner ser-
vices [CBFB07]). Most attempts were targeted to the identification of web-services and business ser-
vices.

Until 2008, academic research worked exclusively on diversifying the types of approaches used, the
types of inputs/outputs usable/obtainable. Finally, very few early attempts had been validated in practice.
From the survey [GL10] (VUA), it resulted that only 2 attempts out of 12 had been validated in practice,
namely [JZC04, ZY04].

After 2008 massive improvements were gradually introduced in the service identification methods
practice. S-Cube directly and indirectly promoted industrial validation of research attempts on real-life
case studies or action-research attempts. The service community recognized in this field too much indus-
trial distance and lack of validation. As a consequence, more and more attempts worked on validating
their work in industrial scenarios either with fine-grained case studies or evaluation in practice (e.g. ac-
tion research). From the already-cited survey [GL10] (VUA), it resulted that over 50% of the different
approaches found (18 in total) involved this serious validation effort.

Moreover, more complete and comprehensive approaches were introduced in the practice. Almost
every approach identified after 2008, provided at least two service types as output (e.g. [Far08] produced
Business, Data, IT and Composite services). Out of 27 approaches identified from 2008 to present, only
6 offered one type of output (e.g. [ACP08, BCAP09]).
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Also, newer approaches tackled the difficulty of manual as well as automated tasks by using ontology-
based approaches which envisioned applications in the Web 2.0 paradigm (e.g. [KSB08, YOCS09]). It
is noticeable how the ontology based approaches are mostly the ones giving out only one or two types of
outputs, probably because of their new and exploratory approaches.

With particular reference to this last finding, it may be that S-Cube positively influenced (either
directly or indirectly) the usage of ontology-based approaches with its attempt of formalizing service
knowledge (by usage of the knowledge model). Indeed, S-cube fostered the exploration of service iden-
tification methods and the application of these to practice.

This consolidated report can be referenced to Sections 2.1 and Section 2.7. In this respect, Service
Identification practices can be used to develop (or help migrate to) Service-Based solutions.

Bibliography

[ACP08] Lerina Aversano, Luigi Cerulo, and C. Palumbo. Mining candidate web services from legacy
code. In Chao Liu 0002 and Filippo Ricca, editors, WSE, pages 37–40. IEEE Computer
Society, 2008.

[BCAP09] Devis Bianchini, Cinzia Cappiello, Valeria De Antonellis, and Barbara Pernici. P2s: A
methodology to enable inter-organizational process design through web services. In Pascal
van Eck, Jaap Gordijn, and Roel Wieringa, editors, CAiSE, volume 5565 of Lecture Notes in
Computer Science, pages 334–348. Springer, 2009.

[CBFB07] Sodki Chaari, Frédérique Biennier, Joël Favrel, and C. Benamar. Towards a service-oriented
enterprise based on business components identification. In Ricardo Jardim-Gonçalves,
Jörg P. Müller, Kai Mertins, and Martin Zelm, editors, IESA, pages 495–506. Springer, 2007.

[Erl05] Thomas Erl. Service-Oriented Architecture: Concepts, Technology, and Design. Prentice
Hall PTR, Upper Saddle River, NJ, USA, 2005.

[Far08] Nafise Fareghzadeh. Service identification approach to SOA development. In Proceedings
of World Academy of Science, Engineering and Technology, 2008.

[GL10] Qing Gu and Patricia Lago. Service identification methods: A systematic literature review.
In ServiceWave, pages 37–50, 2010.

[IB07] Srikanth Inaganti and Gopala Krishna Behara. Service identification: BPM and SOA hand-
shake, 2007.

[JSM08] Pooyan Jamshidi, Mohsen Sharifi, and Saeed Mansour. To establish enterprise service model
from enterprise business model. In IEEE SCC (1), pages 93–100, 2008.

[JZC04] Hemant K. Jain, Huimin Zhao, and Nageswara Rao Chinta. A spanning tree based approach
to identifying web services. Int. J. Web Service Res., 1(1):1–20, 2004.

[KKB07] Karsten Klose, Ralf Knackstedt, and Daniel Beverungen. Identification of Services - A
Stakeholder-Based Approach to SOA Development and its Application in the Area of Pro-
duction Planning. In Proceedings of the 15th European Conference on Information Systems
(ECIS 2007), St. Gallen, Switzerland, June 7-9, pages 1802–1814, 2007.

[KSB08] DongSu Kang, Chee-yang Song, and Doo-Kwon Baik. A method of service identification
for product line. In Proceedings of the 2008 Third International Conference on Convergence
and Hybrid Information Technology - Volume 02, pages 1040–1045, Washington, DC, USA,
2008. IEEE Computer Society.

External Final Version 1, Dated 30 November 2011 36



S-Cube
Software Services and Systems Network CD-IA-1.1.7

[YOCS09] R. Yousef, M. Odeh, D. Coward, and A. Sharieh. BPAOntoSOA: A generic framework to
derive software service oriented models from business process architectures. In ICADIWT,
pages 50–55, 2009.

[ZY04] Zhuopeng Zhang and Hongji Yang. Incubating services in legacy systems for architectural
migration. In APSEC, pages 196–203. IEEE Computer Society, 2004.

2.9 Monitoring Service-Based Applications

Involved Workpackages: WP-JRA-1.2

Monitoring is the process of collecting and reporting relevant information about the execution of
a SBA. Since the state of the art presented in [PO-08] (UCBL, Polimi, FBK, SZTAKI, INRIA, CNR,
UniDue, USTUTT), several of the research directions presented therein have continued to be developed
and refined, while other completely new ones have been undertaken. In particular researchers have
gradually concentrated more on the relationship between the notion of SLA and monitoring, as well as
on the monitoring of multi-level SBSs.

In [PO-08] are discussed numerous approaches in which expected service behaviors were expressed
through some sort of specification language, and then evaluated by an appropriate runtime environment.
This trend has continued to evolve. In [BG11], Baresi and Guinea (Polimi) present a refinement of their
WSCoL constraint language, a language for specifying a service’s behavior in the context of a BPEL
process composition. The main novelties consist of new meta-constraints defining “when” a monitoring
specification should be considered and when it can be ignored, and how the approach deals with time-
based properties such as constraints on response times.

In [MS07] Mahbub and Spanoudakis (CITY) have also continued to refine their extensive work in
the field of monitoring SBSs. In particular they suggest an extension to the WS-Agreement standard
as the main tool service designers should use when defining the properties they need the system to
check during execution. This extension is based on EC-Assertion, an event-calculus language previously
discussed in [PO-08]. Similarly, in [EMT07] Erradi et al. present a language that extends the WS-Policy
standard, called WS-Poliscy4MASC, by defining new types of monitoring and control policy assertions.
MASC stands for Manageable and Adaptive Service Compositions. The monitoring capabilities allow
the execution environment to detect business exceptions and runtime faults. Through synchronous and
asynchronous monitoring both at the SOAP message level and at the orchestration level.

In [MRD08] Moser et al. (TUW) have also continued to refine their work in the field. In this
paper they present a monitoring extension to the ActiveBPEL execution environment. The extension
is implemented using aspect oriented programming techniques. It intercepts the process’ execution at
the SOAP invocation level and collects runtime events. These events are persisted allowing for the
evaluation of simple aggregate QoS metrics such as response time, availability, and accuracy.

In [SGC+09, SC10] Simmonds et al. present an approach that has clear differences with respect to
the above approaches. Instead of introducing some sort of monitoring language, the authors suggest to
specify the properties that need to be monitored using Unified Modeling Language (UML) Sequence
Diagrams. In particular the authors identify a subset of Sequence Diagrams that are expressive enough
to specify safety and liveness properties of Web service interactions. However they do not consider
timeliness constraints. By transforming these diagrams to automata, they enable conformance checking
of finite execution traces against the specification.

In [WWY+11] Wu et al. propose an efficient, non-intrusive online monitoring approach to dynam-
ically analyze data-centric properties for service oriented applications involving multiltiple participants.
They introduce a new monitoring specification language called Par-BCL, which stands for a Parametric
Behavior Constraint Language. It concentrates on data-centric temporal properties. This allows their
approach to explicitly consider the XML payloads traveling within a SOAP message. To avoid heavy
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runtime performance hits they statically analyze the monitoring properties to generate an optimized pa-
rameter state machine.

In [ZPG10] Zahoor et al. present a declarative event-oriented framework, called DISC, that serves
as a unified framework to bridge the gap between the process design, verification and monitoring. The
approach allows designers to enrich their composition design with data relationships and constraints.
The approach is based on event calculus. At design time “abduction reasoning” can be used to find a
set of plans, and at execution time “deduction reasoning” can be used to calculate the effect of run-time
violations.

As previously stated, since [PO-08] researchers have also begun exploring new directions. In par-
ticular new works are now considering the relationship between monitoring and formal SLA, and the
monitoring of multi-level SBSs, in a more in depth fashion. SLAs allow providers and clients to mitigate
risks by associating penalty payments with poor service quality. However once they are in place their
conditions need to be monitored.

In [RSE08] Raimondi et al. propose an approach in which common properties such as timeliness,
reliability, and request throughput are translated into timed automata. The acceptance of a timed word
by a timed automata can be decided in quadratic time. However, since the timed automata can operate
while the message are being exchanged at runtime, the authors’ experiments show that their approach
introduces an overhead, measured as the percentage of time used for validation over the total duration
of the experiment, of merely 0.6%. In this paper the authors also present a Eclipse plugin tool that can
derive the monitors from SLAs.

In these years an important EU-funded IP project called SLA@SOI (Polimi, City, FBK) has also pro-
vided important contributions to the field of SLA monitoring. The project developed a runtime frame-
work capable of managing SLAs throughout their entire lifecycle. A key aspect of managing an SLA is
obviously being able to monitor it. A further complication was that the project focused on multi-layered
systems. In particular, the project considered three layers: a business, a software, and an infrastructural.
This meant that the monitoring part of the framework had to be flexible enough to cope with coordinated
monitoring at all three levels. The way this is achieved is by allowing different kinds of monitors, at
different levels, to work together. In [CS10] Comuzzi and Spanoudakis (CITY) present a framework for
the dynamic assessment of the monitorability of a given SLA and its terms. The monitorability checks
are based on comparisons between the SLA terms for specific services and the descriptions of the mon-
itoring capabilities currently available in the system. Once a decision regarding monitorability has been
made the approach can dynamically set up the monitoring framework through appropriate configurations.
In [FS11] Foster and Spanoudakis extended the approach with algorithms for decomposing an SLA and
representing it through an Abstract Syntax Tree (AST). The approach then uses the AST to search for
the sensors and analyzers needed to effectively monitor the specific SLA terms. Finally, the approach
generates a monitoring configuration.

In [BGNS10], Baresi et al. (Polimi, CITY) started to model the main conceptual notions that are
commonly present in all state of the art monitoring approaches. The goal was to provide a common basis
through which designers could enable the use of more than one existing monitoring approach at a time, in
order to use the most appropriate monitoring solution for each functional and/or non-functional quality
in the system. In particular the approach, named SECMOL, successfully integrated the monitoring ca-
pabilities of Dynamo, EC-Assertion, and SLANG. Although the focus was not yet on multi-level SBSs,
thanks to its general approach it can easily be adapted to consider multiple service layers.
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2.10 Monitor Adaptation

Involved Workpackages: WP-JRA-1.2

The majority of the existing approaches that tackle the concept of adaptation for SBAs focus on
the adaptation of the application itself (see also Section 2.12). Several of these approaches make use
of a monitor component to support the identification of problems in the service-based application that
may trigger the need for adaptation (see also Section 2.9). These monitor components are responsible
to verify the behavior of service-based applications with respect to some pre-defined properties and
requirements. However, an important problem is concerned with the support for the adaptation of the
monitor component itself. More specifically, the support for changes in the monitor properties, monitor
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rules, specifications to be monitored, or even changes of the monitor component to be used depending
on the situation. In the following are described some approaches that complement the ones presented in
WP-JRA-1.2 and are related to the concept of monitor adaptation.

A run-time monitor architecture for web services is presented in [BDS10]. The work aims to provide
a holistic monitoring framework by enabling the integration of different verification tools. The archi-
tecture is capable of integrating different monitoring approaches and it was designed with the intention
of being pluggable to support multiple concurrent monitors for different monitoring aspects. The work
described in [BDS10] concentrates on the behaviour verification of services with respect to their adver-
tised specification during run-time. The approach is based on Stream X-Machines (SXM) to represent
the behavior of web services. SXMs are special instances of x-machines capable of representing both
data and control of a system. An integrated tool in the monitoring architecture is used to process the
requests/responses to the SXM. The outputs of both SXM models and web services are compared. If
there is a match with the outputs, the service behaved as expected; otherwise a deviation occurred. In
this work, monitor adaptation is concerned with SXM models since a new web service in the service
composition implies the creation of a new SXM. However, it is not clear whether the creation of a SXM
is a fully automated process in the approach.

In [RBS10] the authors present a component-based framework for monitoring and managing fea-
tures of composite SOA applications. Their proposal relies on the use of components responsible for
each activity, namely monitoring component, SLA analysis component, decision taken component, and
execution of actions component. In the framework, the different components are attached to each ser-
vice being managed in order to provide the required information. For example, the monitor component
collects, stores, and filters information. The framework works by monitoring data from each individual
service and calculating a set of metrics for them. The list of available metrics is exposed by the moni-
toring component and used by the SLA analysis component which can read the metrics and check if the
specified conditions are being fulfilled or not. In the case in which a condition is not fulfilled, or has
some risks of not being fulfilled, the decision component is activated and decides on the actions to be
taken (Section 2.24). When a set of actions are identified, they are passed to the executor component to
be executed over the managed service. The work supports the addition and removal of different compo-
nents at runtime. For example, a service to which no monitoring information is required may not need
the monitoring component and may only have an execution component to modify some parameter of
the service. The monitor component can also be adapted with respect to the use of appropriate sensors
depending on input data.

The approach in [TZ10] discusses the use of Autonomic Workflows (AWs) to self-manage processes
based on service composition. An AW is an extended workflow that contains semantic information about
the process to be executed, its objectives, and all related data and constraints that may be useful for the
formulation of the process. The approach supports adaptation of autonomic workflows based on their
lifecycle (i.e. inception, binding, and execution). In the work, the adaptation is based on the use of
policies and reactions to process anomalies. Policies are pre-defined at a high level language as Event-
Condition-Action (ECA) rules and are kept in a knowledge base. The approach manages the workflow
during all its lifecycle by collecting and organizing the information from the operating environment. The
collected information is used together with semantic descriptions of services for adapting, reacting, and
improving the workflow at run-time using ECA rules. The approach also uses a Manager component to
support some of the monitoring activities (e.g., checking execution, handling anomalies) of a workflow.
When there are changes in the workflow, the Manager checks the new workflow using the ECA rules in
the knowledge base.

In [CTNHA10] a high-level model for adaptation is proposed. It focuses on the adaptation of a
service composition taking into consideration global constraints, e.g. the execution of a service-based
application within a time constraint. The approach relies on the creation of an Organization Model
(OM) based on a BPEL specification. The OM involves the use of agents (each agent is bounded to a
different service), models of complex collaborations between different agents, and specification of rules
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triggering adaptation. In the work, agents are used to establish the correct execution of a service in a
service composition and to trigger the adaptation of the service composition. This is done by checking
the information of the agents and verifying whether rules are being satisfied. When a rule is violated the
agent is replaced (i.e., the replacing agent is bounded to a different service). In the approach, agents also
contain monitoring mechanisms that allow them to pro-actively decide to stop participating in a service
composition, e.g. an agent can monitor its Service-Level Objective (SLO) and predict than an SLA will
be violated (see also Section 2.24). When an agent decides not to participate in a service composition, a
different agent is used to replace it. The approach assumes the existence of additional agents (bounded
to services) for replacement. Monitoring in this approach uses information from the participating agents
and the rules for triggering adaptation.

The work in [BBP+11] tackles automated evolution, repair, and tuning of services compositions.
More specifically, it focuses on the automation of important aspects of a service-oriented application, in-
cluding resource and service discovery, binding and composition, deployment, and monitoring. The au-
thors propose a roadmap outlining selected research opportunities in the context of self-organizing SOAs.
The work also suggests the concept of self-organizing service that is capable of managing its life-cycle
(i.e. discovery, composition, and execution) in an autonomic way. The work uses an infrastructure to
support self-organizing SOA to allow a user to specify desired QoS characteristics at the level of the
service composition. These QoS characteristics can be automatically broken down into requirements for
individual services.

An approach to achieve highly adaptable Web services through context-adaptable web service poli-
cies is presented in [YWM+11]. In this work, policies are sets of one or more monitoring rules. The
work assumes that ,both policies and rules are adaptable based on context information. It extends the Web
Service Policy Language (WSPL) to allow the specification of context at both policy and rule levels. The
extended policies are woven into the service composition. The approach uses three operations for ex-
tending the policies, namely: (i) a context specification method for specifying policy context, (ii) a policy
translator method for translating a policy to a required format, and (iii) a policy integration method for
applying context-based policies to web services.

An event-based framework for specifying and reasoning about monitoring properties is presented
in [ZPG11]. The approach tackles the problem associated with the definition of suitable monitoring
properties at the design phase (i.e. properties known in advance) by allowing them to be defined during
design or execution times. The approach builds upon an event-based declarative composition design that
serves as a unified framework to bridge the gaps among process design, verification, and monitoring.
The framework has four main stages including: (i) composition design, which involves the composition
specification; (ii) instantiation and verification, which involves finding a solution (or identifying con-
flicts) in the composition; and (iii) execution of the process and composition monitoring, which involves
verification and recovery. The framework is based on event calculus (a language based on first-order
logic) that allows specifying and reasoning about monitoring properties in terms of events and fluents.
The approach allows definition of functional and non-functional properties, identification of violations,
and calculation of the effects that a violation may have on the overall process execution.

In [LKS+10] a business centric monitoring framework is proposed to bridge the gap between the
business and service levels in complex business applications. The approach uses business information
invariants (i.e. fields of information in composite applications that remain unchanged) to define one or
more monitor sets. Monitor sets are defined as collections of attributes and mappings from each attribute
to one or more business item attributes in order to associate the service activity with the business com-
position execution. The user selects the components to be monitored from a business centric view. This
allows the user to select and specify monitor sets for a business composition by binding a monitor set with
inputs/outputs of a business component. Monitor models check the execution of business compositions
using events generated by the service components.
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2.11 Adaptable Cloud Infrastructures

Involved Workpackages: WP-JRA-1.2, WP-JRA-2.3

As our previous state of the art report [PO-08] (Tilburg, FBK, TUW, UniDue, SZTAKI, Polimi, US-
TUTT) identified, service infrastructures were rigid and could hardly participate in cross-layer adaptation
and monitoring strategies. Since that report, previously – mainly based on grid computing – service in-
frastructures have started to move towards a new paradigm: cloud computing, and in particular IaaS
systems. Cloud computing can be defined as the convergence and evolution of several concepts from vir-
tualization, distributed application design, Grid and enterprise IT management to enable a more flexible
approach for deploying and scaling applications [RBE+11]. However, the basic services offered by IaaS
cloud systems are really focused on virtual machine management functionalities only. Consequently,
advanced SBA or infrastructure level techniques emerged that autonomously tackle the IaaS level prob-
lems to reduce the number of interventions needed by users or higher level system components (e.g.
components of the business process layer [JDF09] or SBA level functionalities [CJZ+10]). The research
summarized in the following paragraphs reveal how did these transitional service infrastructures become
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aware of their surroundings and not only offer adaptation options for the higher layers of the SBAs but
also exhibit autonomous behavior in parallel.

Researchers have identified several options to apply autonomous behavior at the infrastructure provider.
[KCH09] describes an approach that controls Virtual Machine (VM) allocation by using Kalman filters
based on resource utilization (the principal resource used in their experiments was the CPU). The applica-
tion of the Kalman filter avoids the transient fluctuations autonomous systems frequently face. However,
this paper identifies that application aware VM allocation can further increase efficiency. Therefore,
they reveal the extension of their allocation feedback controller with VM coupling requirements (e.g. a
specific VM should be available in parallel to another).

[KHY08] focuses on the performance management issues of data centers, and proposes a solution
that autonomously reduces the energy footprint of infrastructure providers. The paper proposes the con-
cept of Autonomic Power and Performance Manager (APPM) that considers performance characteristics
of the controlled data center to determine the optimal state of the system in accordance to power manage-
ment. Their APPM component is capable to optimize power consumption of hierarchical architectures
by utilizing the autonomous behavior of the smallest power aware components in the system (e.g. hosts,
clusters, cpu, network, memory).

More focus was targeted on SLA related research that would allow the incorporation of higher layers
of the SBAs. This research is also detailed in Section 2.15. First, in [NBY09], researchers discuss the
challenges of ensuring Quality attributes (QAttrs) of cloud aware applications. They propose that the El
Farol Bar problem [Art99] can be used as the modeling mechanism for cloud related QAttrs. Then they
present a technique that applies SLAs and utility theory to autonomously optimize application execution.

S-Cube partners started SLA aware autonomous cloud infrastructure related research in [KKB09]
(SZTAKI, TUW), where they have identified that an important characteristic of Cloud-based services
is the provision of non-functional guarantees in the form of SLAs, such as guarantees on execution
time or price. However, due to system malfunctions, changing workload conditions, hard- and soft-
ware failures, established SLAs can be violated. In order to avoid costly SLA violations, flexible and
adaptive SLA attainment strategies are needed. This paper investigated the application of autonomic
computing to SLA-based resource virtualization considering a three-layered Cloud based infrastructure
including agreement negotiation, service brokering and deployment using virtualization. For each layer
in the infrastructure, the authors exemplify how the principles of autonomic computing can be applied
to achieve component self-management. Finally, the paper summarizes the events (e.g. service instance
overloading, broker failures) that lead to the execution of a predefined set of autonomic actions (e.g. self-
initiated deployment, negotiation bootstrapping). SLA-aware infrastructure behavior is further detailed
in Section 2.15.

As described in [EBMD10] researchers implemented a highly scalable framework for mapping Low
Level Resource Metrics to High Level SLA Parameters (LoM2HiS framework) facilitating the exchange
of large numbers of messages. They designed and implemented a communication model based on the
Java Messaging Service (JMS) API, which is a Java Message Oriented Middleware (MOM) API for send-
ing messages between two or more clients. Once possible SLA violation threats are detected, reactive
actions can be taken in order to prevent real SLA violations.

Later, in [BEM+10] (TUW, SZTAKI), the S-Cube project partners discussed how self-manageable
Cloud infrastructures are required to achieve high level of flexibility on one hand, and compliance to
users’ requirements specified by means of SLAs on the other. Such infrastructures should automatically
respond to changing component, workload, and environmental conditions minimizing user interactions
with the system and preventing violations of agreed SLAs. However, identification of sources responsible
for the possible SLA violation and the decision about the reactive actions necessary to prevent SLA
violation is far from trivial. First, this paper presents a novel approach for mapping low-level resource
metrics to SLA parameters necessary for the identification of failure sources. Second, the paper devises
a layered Cloud architecture for the bottom-up propagation of failures to the layer, which can react to
sensed SLA violation threats. Moreover, the authors present a communication model for the propagation
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of SLA violation threats to the appropriate layer of the Cloud infrastructure introduced in the previous
paper [KKB09] (SZTAKI, TUW).

Finally, in [GKMW11] (Polimi, SZTAKI, FBK, USTUTT), S-Cube members examine the require-
ments and use cases of service-based applications that become increasingly multi-layered in nature (e.g.
software as a service is frequently built on top of infrastructure as a service systems). Most existing SOA
monitoring and adaptation techniques address layer-specific issues – these techniques are discussed in
Sections 2.9 and 2.12. These techniques, if used in isolation, cannot deal with real-world domains, where
changes in one layer often affect other layers, and information from multiple layers is essential in truly
understanding problems and in developing comprehensive solutions. Most existing SOA monitoring and
adaptation techniques address layer-specific issues. These techniques, if used in isolation, cannot deal
with real-world domains, where changes in one layer often affect other layers, and information from
multiple layers is essential in truly understanding problems and in developing comprehensive solutions.
This paper proposes a framework that integrates layer specific monitoring and adaptation techniques,
and enables multi-layered control loops in service-based systems. Among others, the paper investigates
how the SLA violation propagation mechanism can be incorporated to the multi-layered control loop.
The paper offers to aggregate infrastructure level events (such as resource availability, service instance
rebinding or deployment) and incorporate them in novel adaptation strategies. These strategies now in-
corporate the definition of multi layer SLA constraints that not only influence the infrastructure level
behavior but also consider the higher layers of the SBAs. Further cross-layer adaptation and monitoring
challenges are listed in Section 2.13.
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2.12 Adaptation of Service Compositions

Involved Workpackages: WP-JRA-1.2, WP-JRA-2.2

SBAs rely on the invocation of services and are deployed in dynamic and distributed settings by
composing different services, possibly owned by different service providers. System developers exploit
in the functionality offered by services without having them under their direct control. This introduces
critical dependencies between SBAs and their component services that could change or be unavailable
without to notice. Since the developers of SBA usually aims at guaranteeing continuity of service to
its users, SBAs have to be equipped with adaptation capabilities to react dynamically and automatically
to unavailability of the component services. The unavailability of component services is not the unique
reason to adapt an SBAs, there are several situations that may trigger the need to adapt them at runtime.
Example of these situations are: (i) changes in the context of the service composition environment, (ii)
changes in functional and quality aspects of services participating in SBAs, (iii) failures or unavailability
of services participating in SBAs, (iv) new available services, or even (v) new application requirements.
The goal of this section is to give an overview of approaches and frameworks that try to solve the previous
situations. These approaches are divided in two categories: Built-in vs Dynamic Adaptation and Context-
aware adaptation approaches.

Built-in vs Dynamic Adaptation Adaptable systems change their behavior, reconfigure their structure
and evolve over time reacting to changes in the operating conditions, so to always meet users’ expecta-
tions. As suggested in Ardagna and Pernici [AP07], adaptation mechanisms can either be embedded in
the description of the adaptable SBAs or implicit in its structure. Various frameworks can be found in
the literature with the objective to support adaptation of SBAs, each of them addressing a specific issue.
Most of them concern built-in adaptation, i.e. the adaptation logic is completely specified at design time.
They concentrate on how to specify adaptation mechanisms and adaptable applications, exploiting differ-
ent tools. For instance, the specification may be performed by extending standard notations (i.e., BPEL)
with adaptation specific tools [KHC+05] using event-condition-action like rules [BGP07, CNM06], vari-
ability modeling [HBR07] or aspect-oriented approaches [KSPBC06].

In the literature there are, however, proposals of frameworks for dynamic adaptation, all featuring
an adaptation manager separated from the application. Notably, all these approaches are in the service-
oriented field and in most cases, they are reduced to monitoring services utilized by a composition (avail-
ability or QoS properties) and replacing them if violation is detected (e.g., [ZZL09, SZK05]).
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In [SZK05] the authors consider the problem of adapting the application by replacing malfunction-
ing services at runtime. The adaptation rule is fixed at design time, but it is dynamically applied by a
manager component that monitors functional and non-functional properties, creates queries for discover-
ing malfunctioning services and replaces them with dynamically discovered replacements. Narendra et
al. [NPKR07] propose an aspect-oriented approach for runtime optimization of non-functional QoS mea-
sures. The METEOR-S framework [VGS+05] supports dynamic reconfiguration of processes, based on
constraints referring to several QoS dimensions. Reconfiguration is performed essentially at deployment-
time.

PAWS [ACM+07] is a framework for flexible and adaptive execution of web service based applica-
tions. At design-time, flexibility is achieved through a number of mechanisms, i.e., identifying a set of
candidate services for each process task, negotiating QoS, specifying quality constraints, and identifying
mapping rules for invoking services with different interfaces. The runtime engine exploits the design-
time mechanisms to support adaptation during process execution, in terms of selecting the best set of
services to execute the process, reacting to a service failure, or preserving the execution when a context
change occurs.

A considerable amount of work has been done within S-Cube investigating dynamic adaptation,
namely [MRD08, HLM+10, PS11, BG11, TPPvdH11], [MZ09] (CITY), [ZBC10] (UCBL, UPM). In
the following we describe the main contributions that significantly improved the state of the art in this
field.

The Vienna Runtime Environment for Service-oriented Computing (VRESCo) [HLM+10] is a frame-
work implemented to address issues like dynamic selection, binding and invocation of services.

Zemni et al. [ZBC10] (UCBL, UPM) propose a soft constraint-based framework to express QoS
properties reflecting both customer preferences and penalties applied to unfitting situations. These prop-
erties are used to model SLAs and to decide how to rebuild service compositions which may not satisfy
all system requirements, in order not to stop its execution.

Pernici et al. [PS11] define a fuzzy service based adaptation based on QoS satisfaction. They use
a satisfaction degree calculated using a fuzzy inference system for the adaptation decision making and
define and algorithm able to decide which adaptation strategy to take (i.e., service re-negotiation or
replacement).

Mahub and Zisman [MZ09] (CITY) realize a service discovery framework able to support proactive
identification of services in parallel to the execution of the system. Moreover they define a way to
describe replacement policies describing what needs to be changed, and how and when the changes
should be executed.

Taher et. al. [TPPvdH11] propose an approach to resolve differences between Web Services protocols
through the use of Complex Event Processing (CEP) technology. Using a continuous query engine
within a CEP platform, they show how different incompatibilities between Web Services (i.e., signature,
protocol incompatibilities) can be solved. Some time, also if the service composition does not change,
can happen that its behavior may evolve over time and become incorrect due to changes on their partner
services.

The VieDAME framework [MRD08] uses an aspect-oriented approach to allow adaptation of SBAs
for certain QoS criteria based on various alternative services. In the framework, a service participating
in the system can be marked as replaceable to indicate the alternative services can be invoked instead of
the original one, when necessary.

Finally, Baresi and Guinea [BG11], propose the idea to self-supervising BPEL processes. This is a
special-purpose compositions that asses their behavior and react through user-defined rules. This super-
vision is based on monitoring and adaptation. The former checks the system’s execution to see whether
everything proceeding as planned, while the latter attempts to fix any anomalies. This approach is re-
alized using two distinct languages for defining monitoring and adaptation and at the same time they
enrich BPEL processes with self-supervision capabilities.
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Context-awareness The adaptation of a service composition may depend also on the context in which
component services are executed. The literature is rich of contributions focusing on the development
of context-aware applications [BDR07]. In the following we present some of them used in the field of
service-based applications.

Chaari et al. [CLC07] propose an architecture for a service based application trying to separate the
aspects of context management and adaptation from the service application core. Authors propose to
apply adaptation to three different levels in the service application: service (application behavior), data
(content adaptation) and user interface (visualization). Service behavior can be adapted substituting
the current version of a service with a one that could be more suitable for the measured context. The
flexibility of such system is limited since all the versions of the services have to be pre-built depending
on the different contexts. In [MCR06], context-based adaptation for mobile learning systems has been
studied: suitable activities are suggested on the basis of the context in which the user is operating. Each
user has preferences in terms of needs, interests, personal features and learning styles. The proposed
adaptation mechanism is implemented in three steps; each of them is in charge of the analysis of the
information and of the selection of the most suitable activity for a user, depending on his/her context.
In [NLZ+11], an idea of a multi-granularity context model is presented, in particular, for location and
time values, with an ontological approach to reason on the context and to compose services in the most
appropriate way.

Within the S-Cube project, Bucchiarone et al. [BPRK] propose a context-aware adaptation approach
for SBAs able to generate adaptations completely at runtime taking into account the current context and
the available services, without hard-coding them in the adaptation logic. They realize an adaptation
engine able to observe the SBA execution and trigger adaptation on demand. In other words, the exe-
cution engine, that using a planning algorithm, is able to generate an adaptation solution anytime that
extraordinary situations from the execution context are detected.
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2.13 Cross-layer Monitoring and Adaptation

Involved Workpackages: WP-JRA-1.2, WP-JRA-2.1, WP-JRA-2.2, WP-JRA-2.3

The operation of service-based applications is a complex task. These distributed systems must pro-
vide their functionality with the required/agreed qualities of services, cope with the unreliable network
on which they operate, and also deal with the changes in the context in which they are executed, or in
the partner services with which they interact. This means that the system must probe the execution to
discover all these problems as soon as they materialize, and these applications must be able to adapt their
behavior to cope with them. The service abstraction has become so pervasive that we are now building
systems that are multi-layered in nature. Cloud-computing allows us to build software as a service on
top of a dynamic infrastructure that is also provided as a service IaaS. This complicates the development
of self-adaptive systems because the layers are intrinsically dependent one of the other.

Most existing SOA monitoring and adaptation techniques address one specific functional layer at
a time. This makes them inadequate in real-world domains, where changes in one layer often affect
others. If we do not consider the system as a whole we can run into different kinds of misjudgments. For
example, if we witness an unexpected behavior at the software layer we may be inclined to adapt at that
same layer, even though a more cost-effective solution might be found either at the infrastructure layer,
or by combining adaptations at both layers. Even worse, a purely software adaptation might turn out to
be useless due to infrastructural constraints we fail to consider. Similar considerations are made in case
of the unexpected behavior at the infrastructure layer, or at both. Please refer to Section 2.9, Section 2.23
and Section 2.18 for a detailed survey on single-layer monitoring and adaptation techniques, respectively.
In this section we focus on monitoring and adaptation approaches taking into account the cross-layered
nature of SBAs.

Researchers that do consider cross-layered applications tend to concentrate either on monitoring them
or on adapting them. Concerning cross-layer monitoring, Foster et al. [FS11] have proposed an exten-
sible framework for monitoring business, software, and infrastructure services. The framework allows
different kinds of reasoners, tailored to different kinds of services, to be integrated and to collaborate
to monitor decomposable service level agreement terms and expressions. The framework automatically
assigns the decomposed atomic terms to specific reasoners, yet the approach does not support the corre-
lation of terms monitored at different layers. Mos et al. [Mos2009] propose a cross-layered monitoring
approach that considers service and infrastructure level events produced by services deployed to a dis-
tributed Enterprise Service Bus (ESB). Basic computations can be performed on the events to produce
aggregate information (e.g., averages) or complex event processing can be used for more complex cor-
relations and verifications. The resulting data are analyzed by comparing them to thresholds, and the
knowledge collected at the various levels are presented through appropriately differentiated user inter-
faces and visualization techniques. The approach does not correlate knowledge collected at the different
levels

Regarding cross-level adaptation, Efstratiou et al. [ECDF01] present an approach for adapting mul-
tiple applications that share common resources. These applications are not composed, but rather single
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entities affected by the same contextual attributes. Since these applications live in the same space they
need to coordinate how they manage the shared resources to avoid conflicts. However, they expect the
users to perceive and model the conflicts manually. In Gjørven et al. [GRE08] propose a framework
to support cross-layer self-adaption in SBAs. They present a technologically independent middleware
named QUA to support coordinated cross-layer adaptations by integrating interface and application layer
adaptation mechanisms. Popescu et al. [PSL+10] propose a framework for cross-layer adaptation of
service-based systems comprised of organization, coordination and service layers. In this approach a de-
signer needs to prepare a taxonomy of the adaptation mismatches, and then a set of adaptation templates,
known as patterns, that define generic solutions for these mismatches. Kazhamiakin et al. [KWK+09]
(FBK, USTUTT) analyze the dependencies of Key Performance Indicators (KPIs) on process quality
factors from different functional levels of an SBA such as QoS parameters, and then an adaptation strat-
egy is decided to improve all the negatively affected quality metrics in the SBA. This work proposes a set
of adaptation solutions for KPI violations through the consideration of the non-functional layer depen-
dencies. Zengin et al. [ZKP11] (FBK) propose an approach that introduces a Cross-Layer Adaptation
Manager (CLAM). The approach relies on a cross-layer meta model of the SBSs and a set of prede-
fined domain specific rules to integrate and coordinate existing analysis and adaptation tools. It assesses
the impact of an initial adaptation trigger at different system levels, and if needed, proposes additional
adaptations, consistent with the overall system. The proposed framework is implemented as a prototype
tool and evaluated on a service-based application for taxi reservation. Similarly to [ZKP11], the work
in [THF08, BDF+09] adopt a cross-layer representation of the application model. However, these works
target a limited number of adaptation cases such as service replacement.

An approach that integrates cross-layered monitoring and adaptation of service-based systems is
[GKMW11] (Polimi, SZTAKI, FBK, USTUTT). In this work Guinea et al. propose a framework that
integrates software and infrastructure specific monitoring and adaptation techniques, enabling cross-
layered control loops in SBSs. All the steps in the control loop acknowledge the multi-faceted nature of
the system, ensuring an holistic reasoning, and adapt the system in a coordinated fashion. In the devel-
oped prototype they focus on the monitoring and adaptation of BPEL processes that are deployed onto
a dynamic infrastructure. Building upon a set of existing solutions they integrate process and infras-
tructure level monitoring [BG11] (Polimi) and [KKB11] (SZTAKI, TUW) with a correlation technique
that makes use of complex event processing [BCGG10] (Polimi). The correlated data, combined with
machine-learning techniques, allow to pinpoint where the problems lie in the cross-layered system, and
where it would be more convenient to adapt [KWK+09] (FBK, USTUTT) and [WLR+11] (USTUTT,
TUW). They then build a complex adaptation strategy that may involve the software and/or the infras-
tructure layer [ZKP11], and enact it through appropriate effectors. The proposed approach is evaluated
on a medical imaging procedure for Computed Tomography (CT) Scans, an e-Health scenario charac-
terized by strong dependencies between the software layer and infrastructural resources. Similarly, the
work done by Schmieders et al. [SMO+11] (UniDue, CITY, FBK) proposes a solution to avoid SLA
violations by applying cross-layer-adaptation techniques. The novelty of the approach is the exploitation
of all SBA layers (Business Process Management (BAM), Service Computing (SCC) and SI) for the pre-
vention of SLA violations. The identification of adaptation needs is based on SLA prediction, which uses
assumptions on the characteristics of the running execution context. Multiple adaptation mechanisms are
available to react on the adaptation need, acting on different layers of the SBA. The adaptation strategy
chooses the right adaptation mechanism, coordinated by a multi-agent community.
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2.14 Quality Modeling

Involved Workpackages: WP-JRA-1.3

In addition to the functional characteristics, services are characterized by a set of properties that are
encompassed under the general term of QoS. According to the definition given in [KP09a] “QoS is a set
of non-functional attributes of the entities used in the path from the Web Service (WS) to the client that
bear on the WSs ability to satisfy stated or implied needs in an end-to-end fashion”. This definition takes
into account the usually neglected aspect that QoS must be seen in an end-to-end sense as it affects the
end-to-end quality received by a WS client when requesting or invoking a particular WS. In this way, QoS
characterizes any entity used in the path from the user to the WS, including the service infrastructure and
its components. Thus, the QoS characteristics of all these entities constitute the QoS of a WS.

Starting from the work discussed in the [PO-08] (UCBL, TUW, UPM, Polimi, INRIA, UniDue,
FBK, SZTAKI, UOC, CNR, USTUTT), in S-Cube a systematic review has been proposed in [KPP+].
Here current approaches quality models, meta-models, and service level agreements are compared. Con-
sidering the result of this work, quality models include list of quality dimensions (a.k.a. attributes,
characteristics) that are considered relevant for SBA. In addition to what presented in the previous de-
liverable on the state of the art [PO-08] (UCBL, TUW, UPM, Polimi, INRIA, UniDue, FBK, SZTAKI,
UOC, CNR, USTUTT), three new relevant work have been proposed, namely [NES09, KP09b, MGI09]
and [CKM+08] (Polimi, UniDue, Tilburg, TUW). The first one deserves special attention, as it is the
only model that adds new quality dimensions to the list of the usual dimensions that are proposed in the
literature. More specifically, the authors proposed the following new dimensions: integrability, resource
efficiency, reusability, security (isolation). With [CKM+08] (Polimi, UniDue, Tilburg, TUW), S-Cube
network proposes a quality model specifically designed to support the monitoring and the adaptation
of SBAs.

Focusing on the meta-models, they are conceptualizations of the appropriate quality concepts and
their relationships that can be used to capture and describe a quality model. For example, a typical meta-
model will contain the concepts of QoS category, QoS attribute, and QoS metric and the relationships
contains (from QoS categories to attributes) and measuredBy (from QoS attributes to metrics). Since
the state of the art presented in [PO-08] (UCBL, TUW, UPM, Polimi, INRIA, UniDue, FBK, SZTAKI,
UOC, CNR, USTUTT), most of the research focused on the use of semantic techniques to define quality
meta-models. In particular, four new approaches gained the attention of the service community: PCM,
WSQDL, QoS-MO, and WS-QoSOnto.

Policy-Centered Metamodel (PCM) PCM is proposed in [PPCM08] to achieve three main objec-
tives: (i) the explicit distinction between the Non-Functional Property (NFP) offered by providers and
requested by users; (ii) the concept of policy that aggregates NFP descriptions into a single entity with
an applicability condition; (iii) a set of constraint operators, which is particularly relevant for NFP re-
quests. The meta-model embracing the above perspective is formalized by an ontology that provides a
good balance between expressiveness and complexity in the resulting NFP descriptions.

Web Service Quality Description Language (WSQDL) [MGI09] introduces WSQDL that provides
a XML-based description method for standardizing the expression of QoS exchanged between services
and their consumers. It defines the constructs needed to specify the quality factors, their taxonomy,
the way they are assessed and the relationships between them. The QoS model underlying this language
addresses QoS on an end-to-end basis by covering quality factors of the main elements acting in dynamic
service environments: (i) network and hardware resources, (ii) application services and (iii) end-users.
To this aim, four ontologies are proposed: the QoS core ontology, the infrastructure QoS ontology, the
service QoS ontology, and the user QoS ontology.
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Quality of Service Modeling Ontology (QoS-MO) QoS-MO is proposed by [TS08]. It is an upper
level ontology that contains elements for the description of QoS Characteristics and Constraints of Web
Services described in OWL-S. To instantiate a QoS description of a particular Web Service, one must
create a new ontology that will import the QoS-MO ontology, extend its classes as needed and create the
required individuals. The functional and non-functional (QoS) specifications of a Web Service may be
described on a single ontology or on two separated ones. The proposed upper level ontology include four
main concepts. First of all the QoS Characteristic: quantifiable features of a service as latency, response
time. Then, the QoS Category a way for grouping different QoS characteristics, and QoS Dimension how
a QoS Characteristic can be measured. Finally, the QoS Context that defines the dependencies between
several QoS Characteristics.

WS-QoSOnto The ontology introduced in [Tra08] has been developed to support the service discovery.
For this reason, it includes both the functional and non functional aspects about a Web service. This
work is also interesting as it includes a comparison of the different ontologies proposed for the QoS with
respect to criteria such as: flexibility, metric, unit, and dynamism.
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2.15 Proactively Negotiating and Agreeing On Service Level Agreements

Involved Workpackages: WP-JRA-1.2, WP-JRA-1.3, WP-JRA-2.2, WP-JRA-2.3

The previous state of the art report related to SLAs [PO-08] (UCBL, TUW, UPM, Polimi, INRIA,
UniDue, FBK, SZTAKI, UOC, CNR, USTUTT) covered QoS and SLA definition, QoS negotiation and
quality assurance for service based application (Section 2.14). However, it did not cover the study of
proactive SLA negotiation or runtime management of agreed SLA. In this section first we very briefly
present what was the state of the art of proactive SLA negotiation and SLA violation management when
the last report was produced and then continue to discuss what advancement has been made in proac-
tive SLA negotiation and SLA violation management since the last state of the art report was produced.

Runtime SLA re-negotiation has been suggested in [OW06, MTV07, SY05] to manage SLA vio-
lations. In [MTV07] SLOs are revised and renegotiated at runtime and deployed services are adjusted
to dynamically agreed service level objectives (Section 2.12). A similar approach allowing the change
of service level objectives whilst keeping the existing SLA is described in [SY05]. The provision of
compensation in case of violation of SLA is also the focus of [RWQ+07]. This approach claims that the
penalty clauses in the SLA should not only specify the monetary penalties or impact on potential future
agreements between the parties; rather the penalty clauses should include several other issues such as
which jurisdiction will be applied in case a conflict between the provider and the client arise, the impact
of the penalty clauses on the choice of service level objectives. All of these approaches are reactive in
nature, i.e. renegotiation starts only after an existing SLA is violated. The outcome of renegotiation
is either a revised set of service level objectives allowing the acceptance of a service from an existing
provider or a new SLA for a new service provider terminating the existing SLA. All these approaches
either affect the quality of the delivered service or fail to guarantee uninterrupted service.

An agent based framework for SLA management is presented in [HYK+09]. In this framework, an
initiator agent from the service consumer’s side and a responder agent from the service provider’s side
take part in the negotiation process. The responder agent advertises the service level capabilities and
the initiator agent fetches these advertisements and initializes the SLA negotiation process. Different
stages of SLA life cycle e.g. formation, enforcement and recovery is performed through the autonomous
interactions among these agents. In the case of an SLA violation, the initiator agent may either claim
compensation and renegotiate with the service provider or select a new service provider. In [Par08]
a renegotiation protocol is described that allows the service consumer or service provider to initiate
renegotiation while the existing SLA is still in force when this becomes necessary for service providers
or consumers for different reasons (e.g., changes in the business requirements of a party). However these
approaches are also reactive and do not guarantee uninterrupted service.

Proactive approaches to prevent SLA violations are increasingly appearing in the literature [LMRD10]
(TUW) and [Lin11] (Section 2.24). Proactive management of SLA has been advocated in [Lin11]. In
this approach a negotiated SLA is monitored at runtime to predict SLA violation by applying machine
learning algorithms. If potential violations are detected, predefined policies are applied to take actions in
order to prevent the SLA violation. Very similar approach is described in [LMRD10] (TUW), where SLA
violation is predicted by using regression from monitored runtime data and then the prediction is used to
trigger adaptations in the service composition to improve the performance of the composition instance
such that violations are prevented.

Several approaches are also proposed by S-Cube community for proactive SLA negotiation and
proactive adaptation of service based applications to prevent SLA violations. The authors in [MS10a,
MS10b] (City) propose a framework for proactive SLA negotiation that integrates this process with dy-
namic service discovery and, hence, can provide integrated runtime support for both these key activities
which are necessary in order to achieve the runtime operation of service based applications with mini-
mized interruptions. More specifically the authors argue that an alternative service provider should be
selected and an SLA should be negotiated by the participating parties prior to a foreseen problem and
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when the existing SLA is violated the faulty service provider should be replaced by the newly selected
service provider. The authors of [SMO+11] (UniDue, SZTAKI, UPC, CITY, FBK) describe a framework
which prevents SLA violations of SBAs, by applying cross-layer adaptation underpinned by monitoring
and adaptation facilities. The framework identifies adaptation needs based on SLA prediction, which
is supported by the monitoring of assumptions on the characteristics of the running execution context
(Sections 2.13, 2.16, 2.24). The framework supports multiple adaptation mechanisms (e.g. service re-
placement, SLA renegotiation, system infrastructure adaptation) to react on adaptation needs, acting on
different layers of the SBA (e.g. the composition layer, the infrastructure layer).
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2.16 Quality Prediction Techniques to Support Proactive Adaptation

Involved Workpackages: WP-JRA-1.2, WP-JRA-1.3

Quality prediction techniques to support proactive adaptation were identified as one of the research
challenges in the package WP-JRA-1.3, and were treated in the deliverables CD-JRA-1.3.4 [CD-10]
(UniDue, Tilburg, FBK, INRIA, LERO, Polimi, TUW, UPM, USTUTT) and CD-JRA-1.3.5 [CD-11]
(UniDue, TUW, CITY, Polimi, INRIA, LERO, USTUTT, UPM, SZTAKI, UCBL, FBK, UOC, UPC,
SEERC). Many S-Cube contributions in this subsection were also closely related to runtime quality
assurance, as well as to QoS-aware service compositions (WP-JRA-2.2). In this overview, we list only
those that are specifically related to the context of proactive adaptation. An introduction and overview of
different approaches can be found in the book chapter on integrating perfective and corrective adaptation
of service-based applications by Gehlert et al. [GMK+11], as well as in the book chapter on analytical
quality prediction by Metzger et al. [MBC+10].

Machine Learning Based Prediction Based on their previous work on post-mortem analysis of SLA
violations [WLR+09], Wetzstein et al. (USTUTT and TUW) studied applications of machine learning
techniques on prediction of SLA violations, based on data mining [LWR+09] (TUW, USTUTT) of in-
stance data. The approach monitors an orchestration instance, recording different metrics (such as sizes
of internal data items, execution times for component services, and the messages exchanged between
them), and performing predictions at a set of predefined check-points in service execution. The predic-
tion relies on a machine learning model that uses the recorded data as well as data and parameters that
are not known at the checkpoint, but can be estimated from the history of past instance executions. The
prediction model, which is based on regression, can be retrained to take into account new data and thus
to accumulate knowledge from one execution to the next. The approach was illustrated by instrumenting
the Apache ODE [Apa11] BPEL engine and using the Weka data mining suite [HFH+09] for prediction
model development.

In a follow-up work, Leitner et al. [LMRD10] (TUW) discussed the application of different adapta-
tion mechanisms on top of the machine learning-based prediction of SLA violations. The basic adapta-
tion actions presented in this work fall into two categories. The first includes data manipulation, which
does not change the control structure of the orchestration, but rather changes the data used in the in-
stance, to affect future behavior. Another type of adaptation action, more involved, is service rebinding,
where a combination of 1:1 rebinding between the invocations encoded in the orchestration and the target
component services can be chosen and activated at run-time.

Other, more complex adaptation actions that affect the logic of a running instance were studied in a
separate work by Leitner et al. [LWK+10] (TUW, USTUTT). In their approach, the concepts of pointcut
and aspect from aspect-oriented programming are used to define locations in a running instance where
a composition fragment can be executed. Composition fragments are modeled as separate entities that
implement a part of business logic. When an SLA violation is predicted, the alternative composition
fragments are evaluated and the one deemed best suited to avoid violation is selected and executed when
a special, “virtual” activity is encountered in the course of instance execution.

Another approach to QoS prediction based on machine learning was discussed in the work by Ejarque
et al. [EMS+10] (Barcelona Supercomputing Center, SZTAKI), which focuses on cloud environments.
The approach is based on dynamic allocation of cloud resources using scheduling policies negotiated
between users and providers as a part of SLA. The proposed framework supports the entire life-cycle
for service executions, including monitoring, collection and evaluation of historic data, identification of
adaptation needs, and the adaptation of running instances itself. The prediction is based on semantically
described data, in a dynamic multi-agent semantic resource allocation process, where the participants
negotiate elements of their SLA with the provider, to satisfy policies that define scheduling rules that suit
their particular needs.
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Prediction Based on Online Testing The work by Hielscher et al. [HKMP08] (UniDue and FBK)
discussed the opportunities for employing online testing to predict possible failures and SLA violations,
and thus trigger the necessary adaptation mechanisms in advance. That kind of testing takes place during
instance executions, by following data obtained from monitoring. The authors present a proactive self-
adaptation framework named PROSA. The question of confidence with which the predictions based
on online testing can be made was discussed by Metzger et al. [MSPR10] (UniDue). The approach
in [MSPR10] (UniDue) is different of other uses of online testing [DDS03, WQY04, CCL07, BCS07],
since it has shown how to employ online testing for triggering pro-active adaptation. In particular, they
addressed the concern of avoiding unnecessary adaptations, because these can be costly and can, in some
cases, end in a failure themselves. The proposed approach suggests complementing the usual statistical
inference over historical data with online testing that is performed in parallel to the normal operation of
a service-based system. By choosing the test cases carefully, online testing can complement the historic
information in a way that promises more confident failure predictions than those made exclusively on the
basis of historic data analysis.

One of the key questions related to online testing of service-based system is when, how, and how
much to test. These questions were explored by Sammodi et al. [SMF+11] (UniDue). One major con-
sideration that was identified in that respect is that services need to be tested and re-tested periodically,
because third-party services can change dynamically and even without notice. In standard software test-
ing, the tester is aware of changes in software components, and does not need to repeat the tests if there
are not changes. Besides, in the standard case the tester is, in principle, informed (or in control) of all
relevant environmental factors, and can therefore assume that the tests will yield the same results for the
same inputs. However, these assumptions do not hold in a dynamic service environment, where the com-
ponent services are typically controlled by third parties, and often visible to clients only through their
external interfaces. Another key consideration is that testing is constrained by economic and technical
limitations. Besides the performance hit it imposes on the run-time system, in service-based systems
testing is also limited by availability of third-party components. Also, the use of those components for
testing purposes can be expensive in terms of communication and money. The authors proposed a frame-
work that applies online testing based on data on usage of services. The framework tries to use online
testing to achieve as much coverage of service executions as possible, while relying on a limited number
of test executions.

The work by Gehlert et al. [GMK+11] (UniDue, USTUTT and FBK) discussed the interaction be-
tween perfective and corrective adaptation, especially from the point of view of several concurrent adap-
tation goals, which may partly conflict with each other. The authors suggest using online testing to trigger
corrective adaptation, i.e., such that it is exercised ahead of time to correct an impending SLA violation
or failure, for instance by replacing the failing service with an alternative one. Requirements engineering
is suggested as a basis for perfective adaptation, which takes place when a new service candidate enters
the realm of a service-based system, which can be better suited for some users than the existing ones.
To facilitate the integrated perfective-corrective approach, authors recommend the use of an enterprise
service registry that keeps track of all internal and external services used in an enterprise SBA.

The application of online testing for proactive adaptation of conversational services was discussed
by Dranidis et al. [DMK10] (SEERC, UniDue). Conversational services perform multiple message ex-
changes with their partners, and their failure can potentially be very expensive, because the ongoing
conversations need to be rerouted to a replacement service, together with the relevant parts of the failed
service state. This brings an additional level of complexity to both prediction and adaptation of conver-
sational services. The prediction, in particular, needs to include not only the aspect of QoS compliance,
but also message exchange protocol compliance. The authors presented the formal underpinnings for
proactive adaptation of conversational services based on modeling the system behavior with X-Stream
Machines. A new way for contextualizing tests was proposed, where the number of test cases is reduced
to those relevant for a particular SBA environment. A framework is proposed which is a combination of
the PROSA framework (mentioned above) and the JXSM suite for generating and executing service test
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cases.

Data-Aware Quality of Service Prediction The work by Ivanović, Carro and Hermenegildo [ICH09,
ICH10] (UPM) discussed the possibility of predicting service composition QoS based on computation
cost analysis. In their approach, a QoS of a service composition is expressed as a function of input
data that is fed to the composition on invocation. That makes the analysis more complex, but leads to
a higher level of precision when predicting QoS for an individual running instance that is a subject of
monitoring and/or a candidate for adaptation, because composition behavior may, in general, signifi-
cantly vary for different cases of input data. The complex XML data structures that carry messages are
taken into account by abstracting from their components data measures such as scalar values, lengths of
character strings, or the number of elements in lists and other data collections. Compositions are ana-
lyzed to obtain computational complexity functions that depend on data sizes and express the number of
events (activities, service invocations, loop iterations, etc.). These computational complexity functions
are then coupled with statistical estimates of infrastructure-level parameters, such as the system load, the
atomic activity timing, network latency, and the degree of parallelism, to produce the QoS prediction as
a function of input data.

The complexity functions (and the resulting QoS prediction functions) express, as functions of the
data size, upper and lower bounds of the predicted quantities. While the complexity bounds are safe
(the actual value is guaranteed to fall within them), the accuracy of QoS bounding functions depends on
the accuracy of statistical estimates of the infrastructure-level parameters. In that way, the effect of the
composition structure and the execution environment on the final QoS value are separately modeled. The
effect of the execution environment can be based on up-to-date measurements made during composition
execution, rather than on historic data that may correspond to different system load regimes, network
conditions, and availability situations.

The authors illustrated the approach in two cases. In the first case, it was used to predict QoS
(running time) for service orchestrations to detect, under the current infrastructure conditions, whether a
running instance will meet the deadline. The prediction is performed at a series of points in the execution
by calculating QoS bound functions use actual input data metrics as parameters and using the current
infrastructure parameters. If the upper predicted QoS bound falls below the deadline, a failure is not
predicted. If the lower predicted QoS bound falls above the deadline, an imminent violation is predicted.
And in the third case, where the deadline falls between the bounds, a warning of possible violation is
issued.

Another application of the approach was illustrated for the case of run-time adaptation of composition
instances by choosing component services that have the lowest computational complexity for given input
data. In the data-aware case, the bounds on computational cost are used as predictors of the overall QoS,
and the components are chosen to minimize the overall complexity of the composition for a given input.
Different complexity functions can be applied, depending on what events are measured as relevant: steps
in execution, invocations to a particular external service, internal transactional operations, etc. Service
descriptions are assumed to include the description of their computational cost in terms of input data in
order to perform an informed selection which depends on invocation data.

Dynamic Simulation Models An approach to predicting QoS values for service compositions based
on dynamic simulation models was discussed in the work by Ivanović et al. [ITCD10] (UPM, TUW).
The authors start from the assumption that the QoS of a service composition that executes on a shared
provider’s infrastructure depends, on average, on both the structure of the composition and the capabili-
ties of the infrastructure. Therefore, scaling up the infrastructure to meet the demands can improve the
average QoS, even if no adaptation takes place on the instance or the workflow definition level in the
classical sense. However, for the end-user the effects on the two are hardly distinguishable. Therefore,
a simulation model for the composition with the provision resources can help providers to infer reason-
able SLA levels under the assumed load levels and infrastructural resource capabilities, as well as to plan
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and test the policies for scaling these resources under different load change scenarios.
Starting from a Petri net model of a service workflow, a dynamic stock and flow continuous time

model is derived that can be used for simulating the concurrent execution of a family of running in-
stances on a service provider’s infrastructure. That model is combined with a model of load and usage of
computational resources on the provider’s side, such as threads or virtual machines. The resource model
may include demand-driven up- and down-scaling policies for the resources that depend on the load.
The overall model is then simulated under different load regimes, including typical, corner, and extreme
cases, to discover the average QoS for all executing instances under these conditions, as well as to study
effects of different policies for managing provision resources.

Constraint-Based Quality of Service Prediction Using constraints to reason about possible SLA
violations in service compositions was addressed by Ivanović, Carro and Hermenegildo [ICH11] (UPM).
Instead of producing probabilistic estimates, this approach relies on formulating mathematical relations
(equalities and inequalities) that constrain values of different parameters (such as component execution
times, availability or costs) in the remainder of a composition execution for the case of SLA compliance
and violation, respectively. Assumptions about possible value ranges for these parameters can also be
included, if available. Structural parameters, such as branch conditions and the number of loop iterations,
are also included into the analysis. Solving the constraints for the cases of successful execution and
violation produces intervals of values for the parameters which are used to model the system. If the
constraints cannot be solved because they are inconsistent, the corresponding case cannot be realized
(i.e., it is impossible to have a successful / unsuccessful execution). The use of structural parameters
makes it possible for a process monitor to foresee a violation if the execution takes a branch or starts a
loop iteration outside the range inferred by solving constraints for the case of SLA conformance. The
approach can be combined with the data-aware complexity functions to obtain a higher level of precision.

In principle, the constraint-based QoS prediction can be applied at any moment during execution of
a composition instance as long as the current control state of execution is known. The authors suggest an
architecture where the constraint-based QoS predictor receives information explicitly from the orchestra-
tion engine, in the form of a continuation that describes what remains to be executed in the orchestration
from that point onwards. The predictor is then able to mechanically derive and solve constraints from
the continuation. The predictions are published by the predictor and can be used by the adaptation layer
to trigger the respective actions, taking into account the predicted value ranges for the cases of SLA
conformance and violation.

Artificial Intelligence-planning based proactive adaptation. Run-time adaptability is a key feature
of dynamic business environments, where the processes need to be constantly refined and restructured to
deal with exceptional situations and changing requirements. The execution of such a system results in a
set of adapted process variants instantiated on the same process model but dynamically restructured to
handle specific contexts.

In such a dynamic environment, the process models cannot remain unchanged; the short-term adapta-
tions applied to process instances should be used to pro-actively derive long-term changes in the process
models.

Bucchiarone et al. [BMPS11, BMPR11] (FBK) propose an adaptation and evolution framework that
exploits the information on process variants to identify the best performing recurring adaptations and
adopt them as general solutions in the process model.

Since process variants are strictly related to specific execution contexts and cannot be adopted as
general solutions, the framework supports context-aware evolution: instead of looking for recurring
adaptations to be embedded in the model, this solution looks for recurring adaptation needs (i.e., process
instances with the same context constraint violation and system configuration).

Based on the analysis of adapted instances, the framework automatically constructs and ranks cor-
rective evolution variants which can handle the problematic context.
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At the same time, exploiting sophisticated Artificial Intelligence (AI)-planning techniques, preven-
tive evolution variants are identified by synthesizing process variants which can prevent the adaptation
need. A prototype framework has been implemented (CAptEvo) [BMPR11] and the solution has been
evaluated on a car logistics scenario.

Static and Run-Time Quality of Service Analysis for Orchestrations Mukherjee et al. [MJN08]
studied the problem of determining QoS for BPEL processes. Their approach takes the information
on QoS of composite services (the partner services in BPEL), and uses the semantics of control de-
pendencies between BPEL activities to build an activity graph, which is then analyzed to produce the
estimate of running time, reliability or cost for the given process. The approach treats a subset of BPEL
that is well structured and does not include loops in the activity graph. Designers can use the approach
to experiment with advanced fault handling techniques. The authors developed a tool that can be used to
calculate QoS for BPEL v1.1 processes.

Calculation of QoS for composite services, taking into account real-world, complex processes, such
as those written in BPEL, was studied by Dumas et al. [DGBP+10]. Their approach supports sequential
and parallel constructs that can be expressed with Direct Acyclic Graphs (DAGs), as well as single-entry-
multiple-exit loops. The derivation of QoS proceeds in two steps: first the control structure that links
different orchestration components is analyzed, and then the QoS is aggregated in a bottom-up manner.
The QoS values handled by the approach are understood as averages from the appropriate statistical
distributions.

Provision Adaptation Driven-by Service Level Agreements Cardellini et al. [CCGP10] proposed
a brokering service for the adaptive management of composite services. The goal of this broker is to
dynamically adapt at runtime the composite service configuration, to fulfill the SLAs, despite variations
of the operating environment. The authors specifically consider SLAs that specify upper bounds on the
percentile of the service response time, which is expected to capture user perceived QoS with greater
precision. The approach is based on a service selection scheme that minimizes the service broker cost
while guaranteeing the negotiated QoS to the different service classes. The optimal service selection is
determined by means of a scalable linear programming problem that can be efficiently solved.

Reliable execution time driven execution of service workflows was discussed by Stein et al. [SPJ11].
The authors proposed a novel algorithm that allows service consumers to execute business processes
(or workflows) of interdependent services in a dependable manner within tight time constraints. The
focus was on large inter-organizational service-oriented systems, where services are offered by external
organizations that demand financial remuneration and where their use has to be negotiated in advance
using explicit SLAs. Here, different providers often offer the same type of service at varying levels of
quality and price, and some providers may be less trustworthy than others, possibly failing to meet their
agreements. To control this unreliability, a system for selection of most suitable providers is proposed,
based on advance reservation of services. The reservation introduces redundancy (which is minimized)
in order to retain flexibility when failures occur.
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There have been substantial research efforts within the S-Cube project and across the wider research
community to develop understandings on employing various methods to analyze service networks and
performance analytics. This section summarizes some of these efforts to provide a state-of-the-art ac-
count of service networks analysis research developments. The design, management and delivery of
complex service systems suggests that we must develop a scientific understanding regarding the config-
uration of resources to deliver service excellence. In recent years, there have been growing interests in
examining the relational infrastructure of service environments. Moving from a classical business-centric
view of services to a scientific view of service environment saw the emergence of the “service science”
discipline. Many of the initial works in service science sought the need to examine services from al-
ternative perspectives, for example, educational, engineering, management, and design. We provide an
overview of these research developments.

Many research efforts were carried out on service networks within the S-Cube project. For exam-
ple, [ZNP+09] (CITY, UOC) examine the consumption of services and consumers value preferences by
conducting value analysis of service networks and quality of service requirements. This work draws
one’s attention towards the viability and adaptability of the dynamics and evolving service ecosystems,
for example cloud environments and service adaptation. In addition, [DKL10] (USTUTT) examines
how organizations rely on the consumption and provision of services to survive within a business en-
vironment. This work highlights the importance of sustaining and managing relationships within the
service networks. To build on the importance of modeling service relationships, [DKL10] (USTUTT)
suggests that there is a need to introduce models to examine service networks and they focus on busi-
ness relationships which are mapped with service networks modeling formalism to Business Process
Model and Notation v1.x (BPMN v1.x). In addition, this work provides some overlap with context
modelling which examines the underlying properties and dynamics of service networks. Thus, mapping
services is a critical issue highlighted with the S-Cube project and even more important nowadays with
the increasing digitization of service infrastructures. The Internet has a significant influence on service
networks as [BDvdH+08] (UOC, USTUTT, Tiburg) highlights the transformation of service networks
fostering the co-production of value through highly distributed networks of autonomous trading partners.
[BDvdH+08] (UOC, USTUTT, Tiburg) are also concerned about mapping service networks to business
processes and introduce a semi-automatic model transformation approach for creating the abstract busi-
ness. Therefore, these approaches offer an opportunity to examine service network evolution and its
influence on service performance.

Over the past few years, the concept of GSD provides a relational infrastructure which models the
socio-technical dynamics of service delivery. In addition, [WDL+09] (USTUTT, UOC, Tiburg) examine
the co-creation relationship among service network actors. They report on the need to calculate value
across service networks through the use of KPIs. This suggests the need to introduce a new approach
on service metrics [CWR10a, CWR10b] (LERO). KPIs are used to measure the performance of under-
lying cross-organizational business processes. Developing this notion a little further, the importance of
a service relational structure is also highlighted by [CWR10a] (LERO). Here, they examine the need
to address the significant gap in the manager’s ability to value the contributory interaction of service
networks in organizational performance through network dynamics metrics. [CWR10a] (LERO) explore
how service (re)configuration is utilized to optimize network performance. They posit that managers
must transform information on network activity and infrastructural capabilities into strategic knowledge
and discuss how Social Network Analysis (SNA) can be a powerful tool for managers to understand or-
ganizational network performance and service interaction. Combining these efforts, [CWR10b] (LERO)
also highlight the significance of understanding KPIs across service networks. They explain how the
unprecedented growth in service-based business processes over a short period of time has underscored
the need for understanding the mechanisms and theorizing the business models and business process
management adopted across services. [CWR10b] (LERO) suggest that SNA provides a method to en-
hance a manager’s ability to monitor KPIs while improving business process restructuring practices while
incorporating a new approach to service analytics, i.e. shifting attention from financial to service rela-

External Final Version 1, Dated 30 November 2011 63



S-Cube
Software Services and Systems Network CD-IA-1.1.7

tional structures. This is particularly true within an adaptive service system, such as the cloud, which
demonstrates an agile service infrastructure. Understanding the service structure of cloud environments
provides insights on SLA negotiations and agreements across the cloud infrastructure.

While remaining focused on the importance of analyzing the service network relational structures,
[CRW11] (LERO) offers an alternative approach to the traditional service modeling approaches through
Actor-Network Theory (ANT). [CRW11] (LERO) highlight the need to explore the socio-technical na-
ture of service networks to investigate how service networks are formed, stabilizes, or even dissolved.
While adopting ANT, [CRW11] (LERO) proposes the need to examine the intertwining dynamics are
and how they are influenced by technology. Understanding these dynamics is vital to determine how
IT-enabled service networks shape the social environment and how the social environment shapes the
technological factors within a service network environment. Therefore, it is critical to examine the im-
pact of implementing IT on service network dynamics. ANT is often described as a systematic approach
to explore the infrastructure which supports the “scientific and technological achievements” within a net-
work making it a more radical approach to researching service networks. ANT suggests that the world
is made up of complex networks which are comprised of many complex interactions (local and global)
which constantly reconfigure itself on a regular basis [Law99].

[Dub] examines service network analysis within BAM, with particular attention on discovering ef-
fective and efficient ways to adapt business processes to rapid changing environments, requirements, and
collaborating entities. The focus of [Dub] work is on the notion that one must shift the focus of service
network analysis away from a “value chain” concept and towards a “value network” concept. There have
been some interesting developments on the notion of value networks. For example, [RZGLA11] presents
a frameworks to examine service bundling and the exchange of outcomes between customers, brokers,
and suppliers. The emphasis here is to develop an understanding on a cluster-based bundling process
which is demonstrated through a case study. In addition [RZLG11] explains that the delivery of services
continue to face new challenges. They suggest that Web 2.0 developments alter the concept of service
interactions and consequently challenge the notion of “value co-creation” in services. [RZLG11] sug-
gest that customers can contribute towards the bundling of services through a brokerage service matching
customer’s needs with supplier offerings.

On a similar research direction, [GLRZ11] discuss how enterprises jointly participate in “service
value webs”, in order to benefit fro the co-production of service which they could not produce on an
individual basis. Following on from the development of the e3value methodology, they propose another
approach to semi-automatically generate such service value networks. The rationale here is that service
value webs may be created through predefined service profiles which match consumer needs. [RZG09]
draws one’s attention towards the VALUE-IT project which addresses the need to develop service adap-
tation configuration techniques through the e3value framework. The motivation for this work centers on
the need to match consumer needs through an automated service configuration. These efforts are ex-
panded upon my [RZCG+10] as they presents an interesting approach to automatically generate e3value
instance models, based on skeletal design techniques which consist of three main phases employed to
generate value and matching service capabilities of service providers and service needs. The novel ap-
proach presented by [RZCG+10] is the reuse of a set of value skeletons for covering an industry sector
from specific business cases.

As outlined above, understanding service behavior is a critical factor in service composition and
analysis. For example, modeling service “value” is a complex task. [BCW10] discuss the emergence
of Service Value Networks (SVNs) which attempt to address factors surrounding service composition
and a rising demand for customized services. They discuss how distributed contribute to an overall value
proposition of a SVN. However [BCW10] highlights that although there is a need to introduce ad-hoc
composition of services that satisfies individual customers’ demands, there is a lack of purposeful design
of incentives in service composition. To address this problem, [BCW10] introduce an auction to coordi-
nate value creation in SVNs and increase a network’s degree of interoperability through an agent-based
simulation method. Modeling the aligning of business value with IT is therefore a critical task within
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service environments. This is also highlighted by [DGT08] as they examine methods to introduce inno-
vative e-customs procedures though the alignment process in a multi-perspective way. One of the critical
issues highlighted by [DGT08] in adopting this approach is scalability within a service environment. To
address this issue, they translate and fit business-driven requirements with system capabilities to enroll
e-customs procedures. In an attempt to develop this concept, [DGT08] develop a model-based approach
using e3value and UML modeling techniques to support the alignment process.

Modeling service value plays a central role on one’s ability to understand service provision. Service
analytics is also highlighted by [dKG08] as they discuss the provision of services via the Internet which
are increasingly offered by a multi-supplier bundle of services. One question posed by [dKG08] how-
ever, is how can one “automatically compose these e-service bundles”. They examine how a computer-
processable theory, i.e., an ontology, can represent customer needs while also facilitating computer-
supported elicitation of needs though Web-based software. Much attention has been placed on the dig-
itization of services and examining the concept of “value”. [GdKW08] review the provision of services
online. [GdKW08] examine the problem of composing e-service bundles to match consumer’s needs
through an economically viable model. They suggest that this problem is primarily concerned with
“requirements engineering”, i.e. the ability to meet consumer requirements. [GdKW08] propose a multi-
supplier bundle of commercial e-services which may be used by suppliers to build a service catalog that
describes their offerings. Thus, this research development shifts the concept of value from the service to
the consumer.

To extend this notion [PG07] discusses the need to examine “networked value constellations” to
enable value for the organization, technology, and the customers. [PG07] discuss that although modeling
approaches for networked constellations, such as e3value, have been developed in the past, they extend
these business modeling approaches to understand the strategic rationale behind business models and the
motivations behind various value-creating actions.

To support these research efforts, S-Cube continues to highlight the importance of mapping repre-
sentation of service network value co-creation behavior [Dub] (Polimi). In practice this work is critical
as managers realize that the key to continued success is within their understanding of how workflows
and business processes can be optimized and generate higher value mechanisms. Thus, service networks
accommodate well-defined, collaborative end-to-end processes directed towards value co-creation. Re-
search efforts continue to examine modeling and simulation concepts and mechanisms that span from
logical end-to-end processes in service networks.
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2.18 Modeling, Analysis and Monitoring of Business Transactions

Involved Workpackages: WP-JRA-1.2, WP-JRA-2.1

This research line draws upon knowledge, concepts and techniques from various disciplines includ-
ing SOC, Computer Supported Cooperative Work (CSCW), BAM and Software Engineering (SE). In
particular, it defines how a business transaction should be viewed, which incorporates the process-level
approach with the more conventional applications-level view.

Over the past two years, novel research results on business transactions have emerged focusing on
a multi-modal transaction processing scheme for reliable business transactions that span from front-
end SBAs to back-end system-level transaction support and beyond to organizations that are part of
a Service Network (SN). In particular, the latest research promotes rich features and QoS similar to those
offered by transaction processing monitors but at the level of application management and application
control logic, known as business transactions.

In particular, advances in the state-of-the-art in modeling, analysis and monitoring of business trans-
actions include the definition of the concept of “business transactions” living in agile SNs [CD-09]
(Tilburg, UCBL, LERO, UOC, USTUTT). The business transaction then becomes the framework for
expressing detailed operational business semantics. Conventional approaches to business transactions,
such as Open EDI, UMM and ebXML, focus only on the documents exchanged between partners, rather
than coupling their application interfaces, which inevitably differ. [CD-09] (Tilburg, UCBL, LERO,
UOC, USTUTT) has targeted the concept of a business transaction and explored how process fragments,
and particularly transactional process fragments, fit in the context of a running scenario which possesses
transaction properties. Conventional (ACID) and unconventional (application-based) types of atomicity
were introduced, including contract and delivery atomicity, in the frame of a business transaction model.
The transaction model provides a comprehensive set of concepts and several standard primitives and
conventions that can be utilized to develop complex SBAs involving transactional process fragments.

Modeling business transaction covers two different aspects: operational and structural. Much of the
recent research works have been focused on operational aspect of business transaction. The operational
aspect entails transaction property specification, guarantee correctness, recovery mechanism, and execu-
tion of transaction operation. A collection of developments inside and outside of the S-Cube project has
been found revolving around the operational aspect of business transaction since the project started. The
developments include language, framework, and theories for modeling business transaction. We briefly
outline some of them in this section. We also summarize few significant developments within business
transaction monitoring and analysis.

Transactions in networked business environment need to correlate the collaboration aspects such
as mutual obligations of business processes. The close correlation of these aspects with transactions
provides an opportunity to model, operate, and manage transactions from business perspective. Realiz-
ing this requirement, a business transaction model incorporating collaboration aspects has been devel-
oped in [HPvdH+10] (UCBL, Tilburg, LERO, USTUTT, UOC, UniHH). The collaboration aspects are
called Granular Process Properties (GPP) determine the transactional properties atomicity and consis-
tency for business activities that compose complex SBAs. Additionally, the authors propose Business
Transaction Language (BTL) to model customizable business transaction for SBAs. It is a declarative
language that facilitates to specify the activities and granular process properties. In [HHP10] (UCBL,
Tilburg), the formal model of business transaction language is introduced. This research work is at pre-
liminary stage where only the basic semantics of the language has been defined formally. The authors

External Final Version 1, Dated 30 November 2011 67



S-Cube
Software Services and Systems Network CD-IA-1.1.7

provide formal definition of vital transactions and transactional and temporal patterns. In addition, some
of the granular process properties have also been formalized. The next stage of this research is expected
to deliver a complete formal model of BTL.

BPMN v1.x is a model-driven approach that facilitates modeling business transaction. BPMN v1.x
provides notations including transaction, intermediate cancel event, and compensate activity for model-
ing business transaction. A transactional business process can be assembled (modeled) using these con-
structs. The semantics of BPMN v1.x transaction notation has been formalized using Petri net in [Tak08].
The authors develop a mapper using a block of Petri net which produces formal semantics for trans-
actions. However, BPMN v1.x transaction-related constructs are very basic, and do not facilitate the
specification of transactional attributes. In [BGST10], the authors extend BPMN v1.x to facilitate an-
notating transactional attributes in a business process. In addition, a flow type that subsumes control
and message flow is introduced to link two or more transaction participants within the same scope. The
main advantage of this new artifact is that it enables reconfiguring (remodeling) business transaction
dynamically.

Flexibility with respect to behavior is a strong requirement for business transaction in service based
application. The semantics of classical atomicity and isolation is extended in [CHWR11] (LERO) with
the aim of supporting flexible business transactions. The authors introduce eventual failure atomicity and
suggest relaxed isolation properties – know since the early 80’s – to model flexible behavior of business
transactions. The eventual failure atomicity prevents a business transaction from being aborted entirely
upon the failure of a component transaction, i.e. a subtransaction. The transaction manager forces (if
needed) other component transaction to continue and simultaneously invokes suitable repairing actions
for failed transaction depending on the failure type(e.g., system failure). The compensation transaction,
i.e. to undo the effects of completed component transactions, functions if the failed transaction cannot be
repaired. As for relaxed isolation, the authors suggest eliminating the notion of hierarchical sphere from
the business transaction tree and introduce collaboration sphere. This implies that there is no control
of the parent transaction over its child transactions in terms of the visualization of transaction effects.
Therefore, the effects are immediately propagated to parent and siblings after that a child transaction has
committed. More importantly, the effects propagate immediately after the commit to all other partici-
pant transactions within the same collaboration sphere that was constructed through a mutual agreement
among the participants.

Furthermore, to increase flexibility, a constraint based recovery mechanism for business transaction is
introduced in [CZML10]. The authors propose a set of actions including ignore, retry, and substitution
to support forward recovery of business transactions. Upon failure of a component transaction, one
of these actions is performed depending on some conditions. The same business transaction recovery
mode (forward) with different mechanism is suggested in [SDN08] to increase flexibility in business
transactions. The authors propose a framework based on the concept of abstract service, which acts as a
mediator for compensation transactions that adopt forward recovery. Unlike the traditional compensation
actions, this framework offers strategic compensation actions within business transactions.

Guaranteeing business transaction correctness in networked business environment is a huge chal-
lenge because business transactions in service oriented environment are controlled by various policies,
e.g. business policy, compliance policy and other obligations. Conflict of policies during transaction
processing may result in the abortion of a business transaction. In [HH11] (UCBL), the authors develop
a theoretical solution to detect the compliance policy conflict between transactional activities. The au-
thors provide conflict-driven tableau depth first search for Linear Temporal Logic (LTL) that is translated
from a high-level compliance specification. This approach guarantees the correctness by detecting com-
pliance policy inconsistencies in the business transaction. Additionally, in [SY07], a transaction model
has been developed to support consistent business transactions in service oriented networked business
environments. The model is developed with the aim of guaranteeing reliable business transactions by
concentrating on ensuring the correctness of various facets of messages that are exchanged between
transaction participants. The model separates control flow from message flow so that the correctness
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of the message types can be verified and also control flow can direct message flow at runtime based on
message properties, organization policies, and business rules.

Transaction monitors are primarily responsible for collecting real-time information about transaction
status and performance at runtime. In [WLR+09] (USTUTT, TUW), the authors provide a three-layer
framework for monitoring and analysing factors that influence the performances of business activities.
The framework integrates two monitoring components: Process Performance Metrics (PPMs) monitor
and QoS monitor. PPM monitor measures the performance of process elements specifically, the events
of business process at runtime. QoS monitor is an external component measures the availability of a
process engine and partner web services. The information collected by both monitors is used to measure
the performance of business transactions as a whole. Significant developments have also been booked
by the software industry in the last few years. OpTier is a solution for business transaction manage-
ment [Ana10]. OpTier has integrated a component in its recent version called CoreFirst to monitor
cross-organizational business transactions. It monitors transaction response time, sequence, processing
time, and latency, which are all metrics used to measure performance of business transactions. Unfortu-
nately, only limited technical details of this solution has been made public to date.

Lastly, [vdHP10] (Tilburg) proposes a novel business transaction model for smart(er) service net-
works, which will leverage pooling real-time information from software services and sensor networks or
mobile devices to more effectively manage fine-grained tenets of service based applications, such as crit-
ical business data, local and aggregated QoS, and associated KPIs. This will guarantee a continuous and
cohesive information flow, correlation of end-to-end process properties, and termination and accuracy of
interacting business processes driven by service application integration logic.
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2.19 Modeling and Analysis of Service Orchestrations

Involved Workpackages: WP-JRA-2.2

Extending the classical service control flow with transactional aspects encapsulating a set of recovery
mechanisms is widely accepted as a method towards ensuring service reliability. In [GRGH07] (INRIA),
the authors present a transactional orchestration model based on transactional services modeled using
state models. In order to describe the order of their invocation, and the conditions under which these
services are invoked, dependencies between services are specified, showing how the behavior of a ser-
vice influences the behavior of other services. Dependencies can either deal with the normal execution
of an orchestration or specify the recovery mechanisms following service failures, thus allowing for a
combined control and transactional flow representation. The approach relies on process monitoring tech-
niques such as the ones analyzed in Section 2.23, in order to gather information about service behavior.
An extension of traditional workflow patterns is conducted, in order to support transactional flow. In a
similar sense, [WWD08] models service orchestrations using Concurrent Transaction Logic (CTR). A
translation process is provided, resulting in a CTR formula for each distinct BPEL activity type. Bocchi
et al. [BGST10] enrich BPMN v1.x with transactional attributes in order to support long running trans-
actions in business process modeling. Similarly to the goals of service evolution approaches analyzed in
Section 2.3, the authors allow for dynamically reconfiguring BPMN v1.x processes based on exploiting
these transactional attributes.

Model-driven approaches to service orchestration have also been well-researched in recent years.
In [MSK08], the authors extend UML in order to support service orchestration modeling. The ex-
tensions mainly focus on supporting event and compensation handling. The authors also describe the
translation process from those extended models to BPEL code by employing a depth-first rule-based
approach to the conversion, which uses a partitioning algorithm to group UML activity diagram nodes
for implementation by a certain BPEL structured activity. Zhang and Duan [ZD08] take a different
approach for translating UML activity diagrams to BPEL. They first decompose the diagrams into frag-
ments called Single-Entry-Single-Exit (SESE) regions, where there is exactly one entry edge and exactly
one exit edge. Three generic types of such regions are identified and a relevant BPEL code is associ-
ated. Hence, the translation process involves decomposing the diagrams into regions and generating the
associated BPEL code.

On the other hand, Brambilla et al. [BDF09] use BPMN v1.x to model service orchestrations that also
support human-executed tasks, then transform these models into a WebML representation, covering both
the service interactions in the orchestration and the user interface front-end of the application. Daniel et
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al. [DST+10] focus exclusively on modeling user interface orchestrations, using an extension of BPEL
called BPEL4UI. [MGWD09] takes a different direction, extending BPMN v1.x in order to support
vocabularies and rules, which allow for the externalization of business logic. The rules are expressed
using the REWERSE Rule Markup Language.

A significant amount of research has focused on declarative modeling of service orchestrations.
Goedertier et al. [GV07] first explored the definition of a vocabulary for declarative process modeling,
using the Semantics of Business Vocabulary and Rules (SBVR) language to describe service capabili-
ties and service instances. They also employed Colored Petri Nets for the execution of such declarative
process models, providing a complete service lifecycle model in terms of generic state transition. For
more details on lifecycle modeling, please refer to Section 2.1. The more recent work of Pinto [Pin11]
presents Declarative Service Orchestration Language (DSOL), which separates orchestration modeling
into different aspects such as the orchestration interface, the orchestration goal, a set of facts that are true
at invocation time, as well as a set of abstract actions that constitute the orchestration, written in a simple
logic-based language, which are then translated to concrete actions (e.g. service invocations) written in
Java.

A separate research direction in service orchestration modeling involves employing Semantic Web
description frameworks such as OWL-S and WSMO. Research in S-Cube has focused on exploring
problems in employing such semantic specifications in orchestration modeling. In [BP09] (UOC), the
authors identify the existence of the frame problem in Web service specifications and devise a solution
scheme that involves shifting from a procedure-oriented perspective of a service specification, to a state-
oriented one. Change axioms are introduced, that declare, for each element of a service specification,
which services may result in changing them. To facilitate the production of change axioms, an algorithm
was devised that automatically generates change axioms for services and service orchestrations.

As far as service orchestration analysis is concerned, there has been significant effort devoted by
S-Cube partners in the direction of creating dynamic orchestration models to assist in adapting the be-
havior of a service provision chain. Section 2.26 offers a detailed state-of-the-art on SLA-based ser-
vice provision approaches. In [ITCD10] (UPM, TUW), the authors assume Petri-net representations of
orchestrations, that are then converted to ordinary differential equations, with equation variables corre-
sponding to places and transitions. The analysis of such continuous-time orchestration models, along
with a computation resource models, offers insight into the selection of different resource management
strategies.

In [SM08], the authors present an analysis method for service orchestrations based on UML. Or-
chestrations are modeled using a custom UML profile called UML4SOA, employing activity, structure
and class diagrams. The intended behavior of a service is described using UML protocol state machines.
The proposed approach uses the notion of model refinement to check whether an orchestration conforms
to the behavior protocol. If refinement leads to violations, the analysis results in a graphical output that
displays the reason for non-conformance.
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2.20 Modeling and Analysis of Service Choreographies

Involved Workpackages: WP-JRA-2.2

Service choreography is a form of service composition that focuses on the message-based interactions
among multiple partner services called participants. The behavior that is mandated by the choreography
to one of its participants is called role. The actual behaviors of the participants in a choreography, e.g.
a BPEL process implementing one participant’s business logic, are called participant implementations.
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Paradigms of Service Choreography Modeling

Since the state-of-the-art presented in [PO-08] (UOC, UPM, USTUTT, TUW), a lot of research has
been devoted on modeling languages for service choreographies. Similarly to the case of programming
languages, modeling languages for service choreographies can be classified in paradigms, i.e. “styles”
of modeling such as interaction and interconnection [DKB08]. In this section we classify the novel
contributions on modeling choreographies according to their paradigm.

Interaction Choreographies The Business Process Model and Notation v2.0 (BPMN v2.0) specifica-
tion [OMG09] provides a meta-model and a graphical notation for modeling interaction choreographies.
Using workflow-like constructs such as gateways, sequence flows and events that are shared with the
orchestration-part of the specifications, a choreography is modeled as a sequence of tasks, each repre-
senting a one-way or request-reply interaction between two participants.

BPELgold [KEvL+11] is a BPEL extension that supports the modeling interaction choreographies by
replacing WSDL-specific constructs like partnerLinks, invoke, request and reply with more abstract one
such as participantSets and interactions.

Interaction modeling of choreographies has also been investigated on the basis of well-established
formalisms. For example, [DW07] proposes a family of colored Petri-Nets for modeling interaction
choreographies, in which each transition in the Petri-Net represents an interaction between two partici-
pants. Alternative approaches based on Petri-Nets are [DLC+07, HW07, MDY07, VCDM09, CUSRE11].
Message sequence chart grammars are used in [BH10] to describe a choreography specification. The
authors introduce dynamic communicating automata as a formal grounding which extend finite-state
machines by adding support for dynamic processes creation and asynchronous communication between
processes. A similar approach based on Collaboration Diagrams is discussed in [BF08a]. Additionally,
interaction choreographies have been investigated using process algebras [CZ08, YZCQ07, CHY07,
YCP+08, BS08, Car09], Lightweight Coordination Calculus [BB09] and Signal Calculus [CFGS10].

Interconnection Choreographies BPMN v1.x has been one of the first languages to be used to model
interconnection choreographies. However, the authors [DP07] claimed it had serious limitations, such
as the impossibility to specify correlations between messages and particular instances of the participants
that enact the choreography, as well as not providing constructs for specifying “multiple” participants, i.e.
participants that do not directly represent an entity, but instead a selection among a number of alternative
concrete participants. This work presents additional constructs that increase the expressiveness of BPMN
v1.x in order to solve its shortcomings.

Many of the extensions of BPMN v1.x proposed in [DP07] for modeling interconnection choreogra-
phies have find their way in BPMN v2.0. Additionally to the possibly of specifying choreographies using
the interaction paradigm, the BPMN v2.0 specification [OMG09] provides a meta-model and a graphical
notation for modeling interconnection choreographies called Collaboration diagrams. These diagrams
consist of pools, each representing one of the involved participants. A pool specifies the control-flow
between the activities that are performed by the represented participant. Similarly to the case of BPMN
v2.0 interaction choreographies, the control flow of collaborations is specified using gateways and events.
Activities within separate pools exchange information through messages dispatched via message flows.

BPMN v1.x is not the only “industrial” language that has been extended to model interconnection
choreographies. In [DKLW07] BPEL4Chor is introduced as an extension to BPEL for modeling in-
terconnection choreographies. A BPEL4Chor choreography model consists of the specification of the
roles of a number of participants, each represented as a separate BPEL processes. The processes of
the various participants are “wired” together by message links that represent the message exchanges.
The technical implementation (WSDL interfaces, etc.), called grounding, is separated from the chore-
ography model and specified in a separate document to allow for alternative technical implementations.
Similarly to the case of BPELgold, the result of the separation of grounding and business logic in the
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choreography entails that the BPEL process models comprised in the interaction choreography contain
no longer WSDL-specific artifacts.

The different design phases of BPMN v2.0 interconnection choreography modeling are discussed
in [DKL+08]. Additionally, this work proposes a mapping from BPMN v2.0 interconnection choreogra-
phies to BPEL4Chor to use the latter as an interchange format.

An operating guideline for a service defines the set of all partner services the can interact with this
service. An approach to determine the operating guideline for a service more efficiently than to the
computation algorithms presented in [LMW07]. The same authors propose in [LW11] a more compact
representation of operating guidelines.

The research on bridging between choreography modeling paradigms, i.e. how to map choreogra-
phies specified with one paradigm to another, has exclusively focused on the relationships between in-
terconnection and interaction choreographies. For example, [KL10] investigates how BPMN v1.x inter-
connection models that assume synchronous communication among the participants can be mapped to
an iBPMN [DKL+08] interaction model by using interaction Petri nets as intermediary format.

Artifact-centric Choreographies Artifact-centric choreographies [HNN09, LW10] are an emerging
choreography modeling paradigm that focuses on data objects (e.g. documents), the states of which are
modified by the message interactions that occur among the participants. In contrast to [HNN09], where
artifact-hubs are described as a centralized, “hub-and-spoke” architecture, in [LW10] the artifacts are
distributed on several agents. Another approach to model UML-based interaction choreographies that are
driven by the artifact or business entity state is proposed in [HZLS07]. Artifact-centric choreographies
built on top of Active XML [ABM08] are proposed in [HB10]. In a nutshell, service interfaces are
wrapped around existing Active XML objects, thus enabling remote calls between different participants
that are modeled as agents.

Declarative Choreographies Declarative choreographies are specified as a set of message interactions
that must occur among the participants, and a set of rules that constraint the order in which these message
interactions take place. The declarative workflow language DecSerFlow is re-purposed for modeling
declarative choreographies in [MPvdA+10]. The verification of declarative DecSerFlow choreographies,
e.g. in terms of consistency checking, is achieved by mapping them to LTL predicates

Another approach to declarative choreographies is presented in [CMM+10, CMMT11]. In this case,
however, instead of using LTL as formal underpinnings, the authors build on the agent-oriented frame-
work CIFF.

Evaluation of Choreography Specification Languages Despite the large amount of notations and
formalisms for specifying interaction choreographies that have been presented over the years, there is
still limited understanding of what is a good choreography specification language.

[WRSC08] defines requirements and properties that should be met by a choreography language. The
requirements have been elicited on the basis of a case study analyzing the SAP SOA infrastructure.

So far, most of the evaluations of choreography specification languages focus on their expressive-
ness, i.e. the richness of the constructs that are provided to the choreography designers. For example,
in [DOZ06] the authors relate and compare Web Services Choreography Description Language (WS-
CDL) with π-calculus and investigate to which extent WS-CDL supports workflow patterns [vdAtHKB03]
and service interaction patterns [BDtH05]. Moreover, an overview is given which patterns are supported
by the WS-CDL predecessor Web Service Choreography Interface (WSCI) [AAF+02] and BPEL. A
similar work is provided in [KLW11], where the authors compare the expressiveness of BPMN v2.0,
both Choreography and Collaboration diagrams, BPEL4Chor and BPELgold.

External Final Version 1, Dated 30 November 2011 74



S-Cube
Software Services and Systems Network CD-IA-1.1.7

Analysis of Interaction Choreographies

In the past few years, most of the efforts on the analysis of service choreographies have been devoted to
the interaction paradigm. The amount of research results that have been produced in the past four years
is such that, in this deliverable, we must restrict ourselves to two key problems, namely conformance
and realizability. An overview of other problems connected to service choreographies can be found
in [SBFZ07].

Choreography Conformance The problem called conformance is the verification of the compliance
in terms of messaging behavior of the participant implementations with respect to the roles mandated
to them by a choreography. Since service orchestration is a way to specify one service’s behavior, it is
natural that the conformance of service orchestrations with respect to (interaction) service choreographies
has attracted a large amount of research in the past few years.

The conformance of services whose behavior is described in π-calculus to an interaction choreog-
raphy specification whose properties are formulated in spatial logics can be verified with the approach
presented in [CSV07].

In the already mentioned [CSV07], π-calculus is used to model interaction choreography specifica-
tions. Assuming the participants to be implemented as Web services whose behavior is expressed in terms
of spacial logics, it is possible to check the conformance between them and the interaction choreography.
The technique is implemented in a tool that performs the verification automatically.

An approach to check the conformance of a black-box Web service to a interaction choreography
specified as a Labeled Transition System (LTS) is described in [PASB11]. The implementation of the
Web services realizing the participants is inferred iteratively by a learning algorithm. In each iteration,
the learning algorithm creates a Mealy machine that represents a participant implementation. The Mealy
machine is then transformed to a LTS and is checked for conformance against the LTS representing the
choreography. Inconsistencies that result in lack of conformance originate either in an invalid Mealy
machine projected as a role, or in an incorrect implementation of that role by the Web service. If the
problem originates in the Mealy machine, a new one is created during the iteration by using the counter-
example that causes the inconsistency. Then, the new LTS of the Web service is checked again against
the choreography specification until (1) no inconsistencies can be found anymore or (2) it can be proved
that the Web service implementation of a participant does not conform with the choreography.

An approach to compliance of orchestrations with choreographies modeled as LTSs is presented
in [BZ07] (assuming synchronous communication among the participants), and [BZ08] (assuming asyn-
chronous messaging using message queues).

[GSW11] investigates the conformance between ebBP-ST choreographies specified using the ebXML
Business Process Specification Schema and participant implemented as BPEL process models. The au-
thors propose to transform the choreography and the process model to the Calculus of Communicating
Systems (CCS) algebra to perform bi-simulation equivalence model checking. This approach is limited
to two communicating partners, i.e., to two process models.

The work in [BZ07, BB11] discusses the undecidability of the conformance in the case of asyn-
chronous communication. To circumvent this issue the authors describe an approach to transform a class
of asynchronous interactions to synchronous interactions.

Conformance is usually a statically-verified property. However, is it desirable to be able to keep
orchestrations conforming to choreographies during their evolution. A conceptual approach to auto-
matically adapt participants implemented as orchestrations to an evolving choreography is described
in [HAD10]. The adaptation is done via change scripts containing rules that specify how the orchestra-
tions are changed.

In [ET08], the authors present a technique to model choreographies with temporal constraints and
they provide an algorithm for verifying if such temporal constraints are satisfied during the enactment of
the choreography.
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Choreography Realizability An interaction choreography is realizable is it is possible to derive from
it, e.g. using projection, participant implementations that, once composed, can enact all and only the
traces specified by the original choreography. In this sense, realizability is the opposite of conformance.
On one hand, conformance checks that, given participant implementations, their composition is behav-
iorally equivalent to the original choreography. Realizability, on the other hand, is the problem of check-
ing if such participants implementations can be derived from the choreography.

There is an entire spectrum of realizability notions that depend on (1) the notations adopted to spec-
ify the choreographies,(2) the notion of behavioral equivalence adopted and (3) the messaging model
assumed (synchronous or asynchrnous with finite/infinite queues, etc.) [KP06]. In this section are sur-
veyed some of the most recent research results concerning realizability.

[DW07] presents algorithms to check realizability of interaction choreographies modeled as colored
Petri-Nets.

[MCvdHP08] (Tilburg, UPM) proposes a formal framework to describing multi-party choreography
described using Deterministic Finite Automata with temporal properties and to verify their soundness
(participant and time soundness), which are aspects of realizability.

In [BF08b] a formalization of the realizability problem for UML communication diagrams is given
and realizability conditions are defined. In [SB09], the authors propose an approach to check realizabil-
ity of a choreography that is described by an UML communication diagram. To perform the realizability
check the choreography is encoded into the LOTOS process algebra and by using projection techniques
a LOTUS process is generated for each peer. By using a LOTUS tool-set named CADP the behavioral
equivalence between the generated peers and the choreography is checked in order to verify the real-
izability of the choreography. Thereby, the realizability checks can be performed for synchronous and
bounded asynchronous communication scenarios.

Different realizability dimensions for interaction choreographies are also defined in [Dec09]. Role
projections are used to check if the realizability dimensions were met by the choreography.

The authors of [LW09] present different realizability classes. In contrast to the other approaches,
they suggest a technique to verify the realizability of a choreography by relating it to the controllability
problem, i.e. if there exists a compatible partner process for the choreography.

In [BH10] the authors describe how the realizability of the message sequence chart grammars can be
verified by using a dynamic communicating automata.

How to check the realizability of propositional state-chart representations is described in [DDC09].
Moreover, the authors propose an approach to describe state reachability within the propositional state-
chart representations to verify different properties such as liveness, safety etc.

In many of the approaches listed above, the realizability analysis is performed by trying to “create”
participants implementation that, once composed, are behaviorally equivalent to the original choreog-
raphy. This, of course, implies that such participant implementations can be created. In most cases,
the participant implementations are created using a process known as projection, i.e. the “extraction of
the point of view of one participant” on the overall choreography specification. Examples of projection
techniques can be found in e.g. [YZCQ07, Car09, KB10].
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2.21 Fragmentation of Service Compositions

Involved Workpackages: WP-JRA-2.2

Within the S-Cube workpackage WP-JRA-2.2 (Adaptable Coordinated Service Compositions), de-
liverable CD-JRA-2.2.3 [CD-09] (UniHH, UPM, USTUTT) was specifically dedicated to algorithms
and techniques for service composition splitting (fragmentation) and merging. Aside from presenting
the contributions by the S-Cube partners to the subject, this deliverable also surveyed the terminol-
ogy and proposed operational definitions for the key notions of process fragments, fragmentation and
merging operators. The deliverables that followed in the series, CD-JRA-2.2.4 [CD-10] (TUW, UCBL,
UMAN, UniHH, UOC, UPM, USTUTT, VUA) – on models, mechanisms and protocols for coordinated
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service compositions – and CD-JRA-2.2.5 [CD-11] (TUW, UniHH, UPM, USTUTT, UniDuE, FBK) –
on mechanisms for derivation of QoS and SLA specifications – also included contributions related to
fragmentation and merging.

A comprehensive attempt at surveying process fragmentation techniques, goals, and criteria appears
in the work by Mancioppi et al. [MDKL11] (USTUTT). This work is an evolution of the technical report
presented by the authors in the S-Cube deliverable CD-JRA-2.2.3 [CD-09] (UniHH, UPM, USTUTT),
where it was used as a basis to define and classify different fragmentation approaches. The survey was
motivated by the lack of a common terminology and classification criteria, and by the large discrepancy
in the characteristics that are covered when presenting novel fragmentation techniques. This issue is ad-
dressed by investigating classification criteria for process fragmentation techniques based on the “seven
Ws”, namely Why, What, When, Where, Who, Which, and hoW. The presented classification criteria
are applied to some of the process fragmentation approaches available in the literature. In addition to
enabling the classification of fragmentation techniques, the classification criteria here presented form a
“check-list” for authors of future works in the field of process fragmentation.

Gehlert et al. [GDK09] (UniDue and USTUTT) have conducted a literature survey and explored
how merging techniques can be applied to use case scenarios and service composition models, thus
narrowing the gap between the fields of requirements engineering and business process modeling, which
have evolved mostly separately. The work was motivated by similarities between use case scenarios and
business process models, both of which specify steps that need to be taken towards accomplishment of a
goal. One approach, dubbed “merge first, transform later” suggest starting from a collection of use-case
scenarios, merging them and then transforming the merged scenario into a service composition. The
other approach, “transform first, merge later” suggests converting each use-case scenario into a separate
composition, and merging the services together later.

Fragmentation in the context of coordinated execution of distributed transactional services was stud-
ied in the work by Danylevich et al. [DKL09] (USTUTT). It focused on cases of acyclic compositions
made of transactional services, which are described with properties such as execution time, concurrency,
invocation, recovery, and time violation costs. Data and control dependencies within such a composition
are represented in the form of a graph that features simple AND-type splits and joins. Absence of cycles
in the dependency graph guarantees deadlock-free execution. In that case, the global transaction, given
as a single composition, can be split into fragments that are executed in a distributed manner. Each frag-
ment corresponds to a strata in the dependency graph. Several stratification schemes may exist for a given
composition, and the choice between them is made on the basis of optimality in terms of performance
and cost.

Logical, rather than physical fragmentation of business processes was studied in the work by Zaplata
et al. [ZKML09] (UniHH). Instead of sending different parts of a process to different execution sites, in
logical fragmentation the entire process is migrated from one site to another, and each site is in charge
of executing a certain portion of it. Therefore, the fragmentation applies to responsibilities of the par-
ticipants (execution engines) at run-time, which may be useful in situations where the participants enter
and leave the system dynamically, or QoS parameters unexpectedly fluctuate. The proposed approach
relies on the cryptographic infrastructure for encrypting (masking) parts of process definitions and data
that are available to authorized participants only. The cryptographic infrastructure is also used to verify
authenticity of process descriptions and the accompanying migration meta-data.

In their subsequent publication [ZHKL10] (UniHH), the authors have expanded their work by propos-
ing a process migration meta-model that includes recording of process states, activity execution lifecycle
events, as well as of cryptographic resources used for enforcing migration security policies. The meta-
model also takes into account different possibilities for assigning (logical) process fragments to different
participants at run-time, ranging from fixed roles, over custom algorithm and dependency on process-
level data, to QoS and context sensitive choice. Since the process migration data needs to be shared and
kept up to date between the participants, the work specifically treats the problem of doing so in parallel
flows. The authors also propose an overall architecture for runtime migration support, which includes,
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alongside the migration-enabled participating execution engines, a migration manager and a security
manager who perform the tasks of fragment-to-participant assignment and process content access pro-
tection, respectively.

The work by Bouhini et al. [BLMB10] (Manchester) discusses the discovery and selection of frag-
ments with respect to a given composition goal to be achieved. The discovery is based on semantic char-
acterization of fragments in Description Logic, and is performed by applying different levels of semantic
matchmaking between fragments and goals descriptions. On top of the discovery process, the approach
introduces a multi-agent system that selects the most relevant fragments based on non-functional criteria
(such as their execution price), cohesion and overlap (inferred from the fragmentation technique) and fi-
nally the quality of semantic matchmaking between fragments and goals. The selection process is based
on a agents-oriented negotiation where each agent is offers a semantically coherent list of fragments. To
reduce the number of candidate fragments for selection, the approach aims at minimizing their overlap
and, at the same time, at maximizing the number of goals they contribute to.

Fragmentation based on characteristics of data received, sent and processed by a service workflow
was discussed in the work by Ivanović, Carro and Hermenegildo [ICH10] (UPM). Their approach is
based on the notion of sharing between workflow activities, based on how these activities handle data and
other resources (that represent messages, workflow-level variables, data sources, etc.), as well as external
participants. The workflow is translated into a form of logic program (a set of Horn clauses [Llo87]),
where data items, resources and activities are represented as logical variables, and subject to sharing
analysis [MH92] to detect the sharing patterns between the variables. Sharing analysis in presence of
complex control structures (such as loops) is involved, and it is taken care of by using program analysis-
based techniques relying on abstract interpretation. The inputs to the analysis are given in the form of a
lattice that describes workflow inputs, internal resources and partners, typically in terms of access rights
or confidentiality restrictions. The results from the analysis are also a lattice that can be used directly to
determine which activities belong to which fragments, by comparing them to the given policy levels. In
effect, the policy level for an activity is determined on the basis of its input data flow.

In a follow-up publication [ICH11] (UPM), the authors extended the sharing-based approach to al-
low workflow designers to work with simple object-attribute Boolean matrices and avoid setting up and
interpreting lattices directly. That was achieved by employing notions and techniques from Formal Con-
cept Analysis (FCA) [GSW05] that establish the correspondence between object-attribute matrices and
the underlying lattices. The users specify the relevant properties of workflow inputs, and the final result
assigns those attributes to activities and intermediate data items in the workflow based on sharing. The
fragments are then formed by grouping together activities whose attributes satisfy some (propositional)
logic formula.

Naturally, advances in process fragmentation techniques have been booked also outside S-Cube.
Process fragmentation was addressed on an abstract level in the work by Tan and Fan [TF07], from the
viewpoint of distributed process enactment. The goal of the approach was to take a process workflow
described in a Petri Net notation, and execute it in a way that maximizes the distribution of process activi-
ties among nodes of a grid or cluster of process execution (enactment) engines. That included developing
a rigorous criteria for deciding which transitions and places in the given Petri Net can be detached into a
separate fragment at each process execution step, so that the the original Petri net semantics is respected
by the behavior of the fragmented process. The proposed approach is a form of run-time fragmenta-
tion that is transparent to the user/designer and is meant to be automatically applied by the nodes of the
distributed process execution engine.

Some of the work on process fragmentation was motivated by the problem of information flow con-
trol, which is common in scientific computing, as well as in cross-organizational business processes. The
work by Yildiz, Fdhila and Godart [YG07, FYG09] concentrates on cases of acyclic workflows where
individual activities are essentially calls to external services that are hosted in different business domains.
The data items that are passed between the external services have different security or confidentiality lev-
els, and therefore need to be protected from unauthorized lookup in different domains. Their approach
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splits the original process (which is abstractly described using the BPMN v1.x notation) into fragments
that correspond to the business domains, and then derives fragment interfaces and messaging patterns
that ensure that the information flow in such distributed setting respects the given privacy/confidentiality
constraints.

Another line of work was related to practical applications of fragmentation in real-world service
composition languages, most notably BPEL. A technical report by Khalaf [Kha07] aimed at describing
the syntactical details of splitting business processes written in a subset of BPEL into fragments that
correctly handle data and control dependencies, based on an a priori assignment of activities to different
fragments. The criteria for the assignment of activities to fragments is left open: the paper deals with how
to correctly transform the BPEL process assuming that some fragmentation was defined. However, one
possibility, based on the notion of roles of process participants, was presented in an earlier publication
on business process decomposition by Khalaf and Leymann [KL06]. A detailed overview of splitting
BPEL business processes into fragments while maintaining the original operational semantics is given in
Khalaf’s PhD thesis [Kha08].

An alternative approach to BPEL process fragmentation was presented in the work by Martin et
al. [MWL08]. There, the splitting of a BPEL workflow into fragments and their distributed enactment
was motivated by the need to attain the overall business goals of the process described with the workflow,
rather than by technical capabilities of the underlying execution infrastructure. The approach starts by
deriving a process model in a special Petri Net dialect from the executable BPEL specification, which
is then segmented (divided into fragments) at design time. The resulting Petri Net fragments are then
executed by separate execution engines. The correctness of the distributed execution with respect to
the original BPEL specification is ensured by the soundness of the translation scheme for each BPEL
construct into the Petri Net notation.

An approach to design-time specification of BPEL process fragments as units for process building
and reuse was discussed in the work by Ma and Leymann [ML09]. The idea behind the approach is that
design-time reusability can be significantly boosted by going below the level of entire BPEL processes.
The BPEL fragments need to support the normal repertoire of BPEL atomic and complex constructs, with
flexible choice of granularity (from activity to scope to process level). Fragments should additionally
include information on the surrounding process context which is necessary for them to function (such
as variables and partner services), and define a number of variability points that can be used for gluing
together different fragments. For merging fragments into a process the criteria relies on unbroken control
flow. The approach includes the proposal of syntactic and semantic extensions to BPEL for fragment
definitions.

Fragmentation from the point of view of local knowledge of different fragment designers was dis-
cussed in the work by Eberle et al. [EUL09]. The motivating assumption was that process knowledge is
distributed and not completely known just by one person (the designer). This approach defines fragment
as a building block for constructing service compositions (either at design- or at run-time) based on a
formal representation of fragment modeler’s local knowledge, which is used for reasoning about possible
fragment compositions.
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2.22 Execution of Distributed Processes

Involved Workpackages: WP-JRA-2.2

In the execution phase, distributed processes are enacted by a process engine, which is responsible
for the execution of process models (e.g. the newly introduced BPMN v2.0; cp. also Section 2.19 and
Section 2.20). This involves the navigation of control flow and the execution of the process’ activities.
In the last years, research on execution of distributed processes focused on flexible execution of dis-
tributed processes with different emphasis. Besides efforts on adaptation of service compositions (see
Section 2.12) approaches have been proposed aiming at a process execution in a more distributed manner
and/or a process execution with consideration of information from the outside of the process, i.e. the pro-
cess’ context. This section gives a brief overview of respecting research results in the area of execution
of distributed processes.

Resources (i.e. services) used by processes in SOAs are usually distributed (resource-oriented dis-
tribution). Resulting challenges addressed in the past regard advanced semantics in order to select ser-
vices based on their functional properties [FFST11, KFS09, KKZ10, SVGMBFB09, WVM09]. How-
ever, more and more approaches consider also Non-Functional Characteristics (NFCs) of single ser-
vices [SBS+07, RMYT07, GGK+11, BABG08, PPCM08, SCM10, Wan09, HS10] or for service com-
positions [MCD10, LSYF09, MCT08, AJ10, WSO08] as well as the reputation and trust of the service
provider [DA09, ZWCC11, MB09, LL09, CIM+09] and [BBDG08] (Polimi) or propose market-based
service selection mechanisms [BNW10, LCLS08]. Work has also been done in order to distribute
resources in a cloud environment [HM10, Dee10, Cza10, GMEL08]. In S-Cube, novel approaches
were proposed in order to provide a semantically [CKP08, CKP09] (Polimi), market-based [VHL+11]
(UniHH), NFC-driven [ZNP+09] (UOC) and [MRLD10b, MRLD10a] (TUW), capable with dynamic
environments [HSZ11] (UniHH), driven by user-based experiences [LMRD09] (TUW) and chemical-
oriented [DNGNT09] (CNR, SZTAKI) service selection with respect to composition fragments selec-
tion [BLMB10] (Manchester).

Beside the distribution of resources used by processes, recent research investigates the distribution
of the process engine itself (system-oriented distribution) in order to address possible performance bot-
tlenecks of centralized process engines. Current approaches use complex event processing or event-like
subscribe/publish messages in order to execute a process decentralized [HMLJ08, GYJ11, CWWQ08],
utilize multi agent systems in order to provide a flexible and robust infrastructure for process execu-
tion [LMJ10, BPJ+10]. Other approaches transform the process model into a set of ECA rules in
order to be executed by a rule engine [BFMD10], use a tuple-space infrastructure which executes a
transformed process model [MWL08, WML08, MWL10], investigate the application of decentralized
workflow enactment in the scientific domain [SGK+10] or in the cloud [CZZX08, ALMS09, EHT07,
HXH09, WBP10]. Chemical-based approaches contributed by the S-Cube consortium are discussed in
Section 2.25.

Another trend is to distribute the process execution itself, i.e. multiple process engines are involved in
executing a process (execution-oriented distribution). In the current research, such distributed process ex-
ecution is achieved by splitting the process model into fragments executed by different process engines.
Most papers use a physical fragmentation approach (cp. Section 2.21). However, in S-Cube, another
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proposed approach is the process instance migration, where the current state of a running process in-
stance is transfered to another workflow engine which then continues the execution [ZKML09, ZHKL10]
(UniHH). Corresponding work include ad-hoc management capabilities for such distributed business
processes [ZBHL10] (UniHH).

Research in the last years concerning the execution of distributed processes has been also done in the
area of mobile and ubiquitous computing. Therefore, several process engines or execution mechanisms
for mobile devices were introduced [SRG08, PTKR10, GC11, KF09, dLM10] and [ZKL09] (UniHH).
Since in mobile environments, the dynamic context plays an important role, there has been also work on
context-based execution of distributed processes [DSKO09, GCFP10, WLS+10]. In S-Cube, a method
for a generic structured context prediction [MZL10] (UniHH), a mechanism for using context in service
mashup platforms [TKS+10] (TUW), methods for context modeling (cp. Section 2.2) and using context
for adaptation (cp. Section 2.12) were proposed. Furthermore, a solution in order to provide process
execution as a service for, e.g., mobile participants was introduced [ZL10] (UniHH).
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2.23 Monitoring and Analysis of Distributed Processes Performance

Involved Workpackages: WP-JRA-1.2, WP-JRA-2.2

Apart from monitoring of SBAs (Section 2.9) and cross-layer monitoring (Section 2.13), another
recent and related research direction is cross-organizational monitoring of business processes. Thereby,
one deals with monitoring scenarios, mechanisms and techniques which go beyond monitoring of stand-
alone processes implemented as service orchestrations.

The approaches presented in this section focus on the following aspects: (i) exposing of process mod-
els and process instances as manageable Web service resources to clients; (ii) correlation of monitoring
data stemming from different processes and process execution environments; (iii) service bus extensions
needed for conformance checking of message interactions in service choreographies; (iv) definition of
monitoring contracts between participants in service choreographies; (v) monitoring in evolving busi-
ness networks. Some of the approaches (in particular those dealing with aspects (i) and (ii)) do not
explicitly focus on cross-organizational monitoring, however, they are presented here anyway, as they
describe related monitoring mechanisms and techniques which can be used as basis for implementing
such monitoring solutions.

In [vLLM+08], BPEL processes are exposed as a set of resources. The approach explains in detail
how process models and process instances including activities, variables and other BPEL entities are
mapped to resources which can be accessed using the Web Services Resource Framework (WSRF) via
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events (push mode) or operations (pull mode). Clients can thus access monitoring information (such as
the state of a running process instance) on running processes at the service provider in a standardized
way by using WSRF. The approach does not explicitly cope with definition of metrics or rules as part
of monitoring contracts. The approach described in [ZBHL10] (UniHH) which has been developed in
S-Cube also maps the process model and process instances to resources. It uses its own process meta-
model derived from XML Process Definition Language (XPDL) and exposed it as managed resources
using the Web Services Distributed Management (WSDM) set of standards. In addition it supports the
definition of customized events and processing rules based on CEP statements implemented using the
ESPER framework.

[KSK07] deals with monitoring of BPEL processes which are deployed on different types of BPEL
engines. Thereby, a common audit format is presented which allows processing and correlating events
across different BPEL engines. [LKS+10] deals with end-to-end monitoring in service-based appli-
cations. The underlying model is that of a business composite which realizes a business function by
grouping a set of service components which can implement different business processes spread across
the company. In order to monitor such a business composite end-to-end, the approach uses informa-
tion invariants across service components to correlate service instances (and corresponding events) to
instances of business composites. The approach is evaluated based on the IBM WebSphere tooling in-
frastructure. Both approaches deal with correlation issues across processes but do not cover monitoring
contracts.

Service choreographies model at design time how participants should interact in terms of message
exchanges. At runtime, monitoring can be used for conformance checking, i.e. for validating whether
participant interactions comply to the choreography model. [RR09] presents a choreography monitoring
infrastructure needed as a prerequisite for conformance checking. The approach assumes that choreogra-
phies are modeled in WS-CDL and deals in detail with message correlation and logging mechanisms and
how they can be realized as part of a service bus. The conformance checking itself and reactions to proto-
col violations are not dealt with in the approach. [KEvL+11] introduces a new choreography language,
BPELgold, which supports modeling of interaction choreography models based on BPEL. The paper
shows how based on BPELgold a choreography-aware service bus can be used to ensure that executed
message exchanges comply with a pre-defined choreography. In case a protocol violation is detected,
different types of exception handling mechanisms are discussed in the context of choreographies, e.g.,
dropping of the wrong message, notifying the sender of the violation, triggering of the default exception
handling or a pre-defined exception handling, and stopping of the choreography.

In S-Cube, choreography models have been used as the basis for defining monitoring contracts (alt.
monitoring agreements) between partners for exchanging of process state information and process met-
rics. [WDL+09] (USTUTT, UOC, Tiburg) discusses the need for cross-organizational process monitor-
ing in service networks. The concept of a monitoring agreement is introduced which defines the basic
monitoring events and composite events each participant has to provide to the other participants in the
network. Composite events are used for calculation of KPIs. In [WKK+10] (USTUTT), the choreogra-
phy language BPEL4Chor is used as a basis for defining monitoring agreements between participants.
The monitoring agreement specifies (i) resource events each participant has to provide for its own public
process and (ii) composite events for defining metrics and rules. Resource events are specified based on
state models of BPEL resources [KHK+11], while composite events are defined using CEP statements
over resource events and other composite events. The monitoring agreement is deployed on the mon-
itoring infrastructures of the participants who then exchange monitoring events as specified when the
choreography instances are executed.

Monitoring of cross-organizational processes executed within business networks in the context of
virtual enterprises [GEM+09] has typically considered monitoring only in the network formation phase,
since network establishment determines what can be monitored during process execution. However
when business networks and their processes evolve [DCS09], monitoring requirements change and thus
resulting monitoring contracts also have to evolve. In that context, [CVG11] discusses monitoring in
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evolving business networks. For different types of business network evolution situations, mechanisms
for preserving the monitorability of processes are specified. Preservation of monitorability includes
taking into account dependencies between already established contracts and then updating the monitoring
infrastructure in order to satisfy the monitoring requirements that arise after network evolution.
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2.24 Prediction and Prevention of Service Level Agreement Violations in
Service Compositions

Involved Workpackages: WP-JRA-1.3, WP-JRA-2.2

The current section is relatively concise because most of the works related to this topic have already
been covered in Section 2.16.

Prediction of Service Level Agreement Violations Since the initial state-of-the-art survey [PO-08]
(UOC, UPM, USTUTT, TUW), significant progress has been made within and outside of S-Cube. Gen-
erally speaking, research work in this area can be split into approaches which explain observed violations,
and approaches which predict future violations. In the category of explaining approaches, some impor-
tant work has been conducted by Bodenstaff et al. [BWRJ08, BWRJ09]. Furthermore, S-Cube partners
have developed the idea of dependency analysis to discover the main factors that influence SLA confor-
mance [WLR+09, WLR+11] (USTUTT, TUW). In the category of predictive approaches, Zeng et al.
have proposed an event-based QoS prediction approach [ZLLC08]. This idea has been picked up and
refined by S-Cube members in [LWR+09] (TUW, USTUTT). These approaches are both based on the
idea of machine learning based prediction. Recently presented alternatives include prediction using run-
time verification [GBK+10] (UniDue, FBK) or based on static analysis of service compositions [ICH09]
(UPM).

Prevention of Service Level Agreement Violations Preventing SLA violations after they have been
predicted by the means discussed above usually boils down to adapting the SBA. Primitively, this adap-
tation can happen on two levels: (1) firstly, by adapting the base services used, or by adapting these
services, and (2) secondly, by structurally adapting the SBA. In the former problem space, important
work has existed prior to S-Cube, and, to the best of our knowledge, little groundbreaking work has been
produced since then. For the latter problem, the research community seems to have converged to the idea
of using the notion of aspect-oriented programming to adapt e.g., service compositions, as indicated by
researchers from within (e.g., [LWK+10] (TUW, USTUTT) and [KL09] (USTUTT)) and outside of S-
Cube (e.g., [NLF+09]) having adopted this general idea. In addition, some important progress has been
made on the foundations of adaptable SBAs, discussed e.g., in [NGM+08] (Polimi, UniDue, Tilburg) and
more recently in [YYS+09]. Finally, important new insights into the development of adaptable SBAs
have been presented by Lambers et al. in [LMEP08].
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2.25 Chemical- and Nature-Inspired Techniques for Service Composition

Involved Workpackages: WP-JRA-2.3

Service Based Applications are realized by composing third-party services accessible through In-
ternet, and as such they are managed and operated in a completely decentralized way. Following the
recent trends in Service Oriented applications, it is very likely that the real-life provision of such ser-
vices will increasingly follow the market-oriented approaches that regulate the demand and supply of
services [BYV+09]. Users will require SBAs with end-to-end quality requirements and third-party ser-
vice providers will provide services with QoS. Both user requirements and service quality attributes, and
also the number of available services may change in time due to the dynamic nature of service-based en-
vironments. In this scenario, the QoS-aware service composition cannot be just the binding of each SBA
activity to one discovered service, since it is necessary to take into account that multiple offers for the
same service may be available and/or may become available during the binding process.

To deal with this dynamicity, S-Cube contributes to the state of the art in the context of nature in-
spired computing approaches for service composition, by proposing a dynamic binding mechanism (see
Section 2.12) based on a chemical metaphor [NGNT10] (CNR, SZTAKI) and [NGPW10] (CNR, IN-
RIA). The use of a chemical approach allows the modeling of the QoS-aware mapping (see Section 2.14)
between SBA activities and services as an evolving and autonomic mechanism that is distributed and
incremental, i.e. a complete mapping is built by aggregating smaller mappings. Furthermore, environ-
mental changes, in terms of new provider availability, or changes in the provided QoS, are taken into
account as chemical system perturbations so that new mappings can be computed because new chemical
reactions may take place in a way that simulate an adaptation of the system to different configurations not
planned in advance. Research in S-Cube also involved workflow formalization and enactment within the
chemical metaphor with a special emphasis on its dynamic aspects is described by Caeiro et al. [CNP11]
(INRIA, SZTAKI).

Nature based approaches in the scope of composition and coordination are extensively studied. Ser-
vice composition involves many aspects of optimization, scheduling, coordination and has attracted a
lot of interest in the field of nature inspired methods. Early works include a neuro-endocrine frame-
work for web service composition in an emergent and self-evolving way [DSH07, SD07], genetic al-
gorithms [CPEV05] and ant colonies [HAES09]. Later, genetic-algorithm-based approach is proposed
to compose services (in a utility computing, grid-like manner) in cloud computing [YZB11]. Dynamic
service composition mimicking the slime mold Physarum polycephalum – a single-cell organism – that
can form a veined network that explores the available space and connects food sources in the absence of
central control mechanisms [ZZWQ11]. A tree-coded [GCC07] and a multi-objective SPEA2 [LCOZ10]
/ NSGA-II [LYO+10] genetic algorithm was proposed for QoS-aware composition. Workflow manage-
ment is closely related to service composition (in fact, it is a predecessor to service composition) and
attracted a large deal of nature based solutions. Scheduling workflows on clouds by particle swarm opti-
mization that takes into consideration both computational and communication aspects [PWGB10]. The
idea of chemical workflow management [NPP06] was developed further in [FP10].

As a general trend, nature inspired models and techniques gain more attention in the scope of service
management where apart from composition investigated in S-Cube, optimization, deployment, coordi-
nation and other problems are solved by these metaphors [ABD+10]. This trend may reach a state of
holistic approaches: some works do not aim specifically at a particular problem of service management
rather, envision the whole service ecosystem as a nature metaphor and try to realize all related activities
within this nature framework. Viroli et al. [VZ10] designed a conceptual architecture for clarifying the
concepts of possible nature-inspired metaphors that could be adopted. The spatial distribution of perva-
sive services is treated as an ecological model in [VRVZ08]. Furthermore, the same spatial coordination
problem is solved by a chemical model in [VCMZ11]. A survey of techniques for self-organizing, self-
adapting pervasive and mobile services classifies physical, chemical, biological, social and ecological
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approaches [VZ11]. Services are naturally accessed or provided by mobile devices, which obviously
raises various issues of adaptation, a genetic based adaptation is proposed in [VRB08].
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2.26 Service Level Agreement-Based Virtualized Service Provision

Involved Workpackages: WP-JRA-1.3, WP-JRA-2.3

Solutions interoperating different service infrastructures use well-established and widely used tech-
nologies that enable the collaboration of different parties to fulfill service executions required by users.
The recently emerged demands of users and researchers called for expanding the service model with
business-oriented utilization (agreement handling) and support for human-provided and computation-
intensive Grid services. Most of related works consider either virtualization approaches [ITF+08, PS09]
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without taking care of SLAs or concentrates on SLA management neglecting the appropriate resource
virtualizations [VCB08, QA09]. To the best of our knowledge, the work of S-Cube partners on SLA-
based resource virtualization [KKB09] (SZTAKI, TUW) was the first attempt to combine SLA-based
resource negotiations with virtualized resources in terms of on-demand service provision resulting in a
holistic virtualization approach.

Managing different heterogeneous and distributed environments requires sophisticated interopera-
tion of adaptive coordinating components. Cloud Computing [BYV+09] is a recently emerged research
paradigm, which is highly studied and a large body of work has been done trying to define and envi-
sion the boundaries of this new area. Despite its business-orientation, the applicability of SLAs in the
Cloud middleware has been rarely studied [YG09]. Regarding self-* properties, the work by Van et.
al. [NVDTM09] studied the applicability of the autonomic computing to Cloud-like systems, but they
almost exclusively focus on virtualization issues like VM packing and placement. Interoperating Grid
and Cloud infrastructures has been addressed by many papers [OPF09, BHML09, MSJ09, ABHM10],
but they all lack autonomic management and incorporated agreement negotiation. In order to avoid
costly SLA violations, flexible and adaptive SLA attainment strategies are used with a failure propaga-
tion approach in the SLA-aware Service Virtualization solution [KKB11] proposed by S-Cube partners.
This system incorporates an autonomic manager, which is an abstract component that specifies how
self-management is carried out; for the identification of failures they use case-based reasoning with a
knowledge database.
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2.27 Federated Cloud Management

Involved Workpackages: WP-JRA-2.3

Cloud Computing [BYV+09] is a novel research area that offers simple and cost effective outsourcing
in dynamic service environments and allows the construction of SBAs extensible with the latest achieve-
ments of diverse research areas. IaaS cloud systems provide access to remote computing infrastructures
by allowing their users to instantiate virtual appliances on their virtualized resources as VMs. Further
discussions regarding the usability of Cloud infrastructures for software can be found in Section 2.4.

Managing different Cloud systems in a federation is a “hot” topic, which is currently addressed
by many research papers e.g. [RBL+09, Clo09, FHT+12]. Efficiently managing such systems require
many sophisticated approaches ranging from virtual machine distribution strategies to scheduling among
suitable providers for user needs. Matthias Schmidt et al. [SFSF10] investigate different strategies for
distributing virtual machine images within a data center: uni-cast, multi-cast, binary tree distribution
and peer-to-peer distribution based on BitTorrent. Paul Marshall et al. [MKF10] describe an approach
for developing an “elastic site” model where batch schedulers, storage and web services can utilize such
resources. They concentrate on dynamically increasing and decreasing the number of resources, but
rely on third party logic for balancing load among the allocated resources. Constantino Vázquez et
al. [VHML11] are building complex grid infrastructures on top of IaaS cloud systems that allow them to
adjust the number of grid resources dynamically.

S-Cube partners proposed a Federated Cloud Management architecture [MKKK11] (SZTAKI) that
acts as an entry point to cloud federations and incorporates the concepts of meta-brokering, cloud bro-
kering and on-demand service deployment. In order to fast track the virtual machine instantiation, this
architecture uses the automatic service deployment component that is capable of optimizing service
delivery by encapsulating services as virtual appliances in order to allow their decomposition and repli-
cation among the various IaaS cloud infrastructures.
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2.28 Process Mining

Involved Workpackages: WP-JRA-2.3

Since the mid-nineties several groups have been working on techniques for process mining [AGL98,
CW98, Dat98, WvdA03, vdAWM04, GvdA07, vdWvDHS09, vdARV+10]. In [vdAvDH+03] an overview
is given of the early work in this domain. In a nutshell, the goal of process mining is to build models
without a priori knowledge, i.e., to discover structured process models derived from specific patterns that
are present in actual traces of service executions.

Process mining is an active research area in business process analysis and it has been discussed
in many papers [vdAW04, zMR00, GGMS05, TTM08]. Most of the works focus on different kinds
of analyses and benefits that can be achieved. These approaches assume that process trace data are
already available. However, extracting process trace data is a crucial challenge as discussed in [vdAW04,
vdA07]. To this end, in the last years many efforts have been spent on this issue thus resulting in several
approaches proposed to address this specific challenge.

Attempts have been made to extract process data from ERP systems log files, e.g. SAP, PeopleSoft.
In [vG04], the author tries to extract process trace data from SAP R/3 log files, but it was not fully satis-
fying because process execution information is too detailed due to the usage at the transaction level and
scattered in many tables. In [IG07], authors build a tool for constructing process instances from busi-
ness process executions in SAP systems. They use SQL statements to identify used business objects in
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SAP tables and correlate them with events to construct instances. However, this “table-based” approach
provides less data for process mining analysis, as not all the data are stored with business objects.

Another approach based on data warehousing technologies was initially introduced in [CS02]. There,
the authors exploit HP Process Manager (HPPM) system logs, which however made this approach not
generic. This work is further extended as architecture for analysis and monitoring [GCC+04]. Informa-
tion from process logs are extracted by querying log tables and stored in a process data warehouse.

More recently, most work have tried to exploit the huge collections of events generated by to-
day SBAs, and traditional enterprise systems in general, (e.g., messages being sent and received between
service components), which are recorded to proper log files, i.e., event logs. These files represent a huge
and valuable source of knowledge that may be extracted by well-known data mining algorithms and
techniques. In [zMR00, vDvdA05], meta models are proposed to correlate elements of event log files.
These approaches mostly focus on extracting a small part of process trace data from log files, e.g. case
id, task, timestamps, thus for discovering processes, and do not address that challenge in heterogeneous
environments. In [Kas07], data from log files are used to analyze the interaction behavior of users with
applications.

Starting from 2008, research studies conducted on process mining and discovery follow the estab-
lished concept of Business Activity Monitoring (BAM). BAM considers the event-driven governance of
business processes, and is, hence, mostly a term from the business domain. Technically, BAM is enabled
by monitoring runtime of services and their interactions within company SBAs. To this end, event-
based monitoring approaches produce a steady stream of low-level lifecycle events [ZLC07, BGPT09]
and [WSL09] (USTUTT). These low-level events need to be aggregated so that real business informa-
tion can be gained from them. Existing techniques to do this include SLA aggregation [ULMS08] or
event-based SLA monitoring [SMS+02] [MRLD09] (TUW).

Within S-Cube, the research has included work related to the ideas of BAM, which considers event-
based monitoring of business compliance [MZD09]. That differs from other approaches that, instead,
aim at specifically mining for invocation sequences that lead to failed service invocations, which is
complementary to BAM. Indeed, while BAM is mostly concerned with discovering failures, those works
can be used to identify or predict them in advance.

In the literature, events emitted by service-based applications have found various other uses. For
instance, another work produced in the scope of S-Cube project [MRLD10] (TUW), uses event informa-
tion (along with various other data sources) to generate visualizations of the past behavior and quality of
Web services, mostly to ease management and selection of services for other goals. Moreover, as already
described in Section 2.16, other studies explore how SOA events might be used to generate predictions
of SLA violations [ZLLC08, LWR+09] (TUW, USTUTT). Basically, this is done by training machine
learning models from the collected event data, and using runtime event information as input to those
models.

However, the vast majority of relevant contributions in the field of process mining come from van
der Aalst [vdAW04, vdAWM04, vdAvDG+09]. In one of his latest work [vdAPS10], a generic approach
to “operational support” in the context of the ProM framework is presented. Here, the author shows that
process mining is not restricted to the “past”, but also relevant for the “present” (i.e., recommendation
and real-time conformance checking), and the “future” (i.e., prediction).

Pursuing the same goal within the S-Cube research framework, authors of [LNT+11] (TUW, CNR)
focus on process mining by a different perspective. In particular, authors try to generate recommenda-
tions about what combinations of services have in the past been used together (indicating that it might
make sense to use them in combination). In order to do that, they detect frequent sequential patterns, thus
considering process mining as a specific instance of the more general sequential pattern mining problem.
Furthermore, authors apply two sequential pattern mining algorithms to a real event log provided by
the Vienna Runtime Environment for Service-oriented Computing (VRESCo). Authors show to be able
to find services that are frequently invoked together within the same sequence. Also, they propose to
exploit such knowledge at “design-time”, when service-based application developers could be provided
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with “service recommendation tools” that are able to predict and thus to suggest next services that should
be included in the current service composition.

Finally, in [vdASS11] authors present an explicit process model used for predictions. In particular,
the degree of abstraction of the derived explicit model can be adjusted based on the volume of historic
information. Of course, the more data are available, the more fine-grained and accurate is the ultimate
process model. The approach allows for better diagnostics (unlike, for example, the non-parametric re-
gression approach presented in [vDCvdA08]). Authors show that their approach has a better performance
compared to competitors based on simulation or regression (both in terms of quality of prediction and
computational cost).
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Chapter 3

Conclusions

In this deliverable, the S-Cube partners have presented the “delta” in the state of the art that has oc-
curred in the topics covered by the NoE since year 2008. The updates take into consideration research
contributions resulting from S-Cube as well as the research community at large.

As S-Cube approaches its completion, the partners are working together to envision the future re-
search beyond the NoE. The upcoming IA-1.1.8 deliverable will present new research challenges that
build on top of what S-Cube has achieved. Moreover, S-Cube partners are organizing a workshop enti-
tled “S-Cube European Software Services and Systems Research – Results and Challenges.” Co-located
with the 34th International Conference in Software Engineering (ICSE 2012), the workshop will take
place on June 5, 2012 with the goal of presenting the findings of the S-Cube NoE and discussing the
future challenges that the S-Cube research community will address in the coming years.
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