
Web Side Response Time Type Rank Rank Rank Rank

Constant Response Time (1) AVG (1) ARMA (1) ARMA G. (4) Binary

Sawtooth Response Time (1) ARMA (2) ARMA G. (3) AVG (4) Binary

Strictly Increasing Response

Time

(1) ARMA G. (2) ARMA (3) AVG (3) Binary

Table 4. Test Case 15 Minute Ranking

7.3 Test Cases 60 Minutes

The ranking of the 60 minutes test cases is provided in table 5, these results demonstrate

that the difference between the ARMA/ARMA G. strategies and the AVG strategy de-

pend on the underlying base response time. The first average place goes to the ARMA

strategy with a value of 1.333, in the second place follows the AVG strategy with a

value of 1.666 and in the third place the ARMA G. strategy with a value of 2. The last

placed strategy is again the Binary strategy. The figure 5 compares the average response

time results of the execution of the simulation with the real average response time of

the SUT for ARMA, ARMA G. and AVG in the Sawtooth 60 Minutes test case. Each

dot represents the average response time of 25 requests, the AVG - Calc line visualizes

the real average response time. Figure 5 shows the results of the 60 minutes Sawtooth

Fig. 5. Response time comparison in the ”Sawtooth” 60 minutes test case
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Web Side Response Time Type Rank Rank Rank Rank

Constant Response Time (1) ARMA (1) AVG (3) ARMA G. (3) Binary

Sawtooth Response Time (1) ARMA (2) ARMA G. (2) AVG (4) Binary

Strictly Increasing Response

Time

(1) ARMA G. (2) Binary (2) ARMA (2) AVG

Table 5. Test Case 60 Minute Ranking

test case. They lead to the conclusion that the ARMA G. strategy does not follow the

extreme values of the SUT response time can be drawn. Obviously the AVG strategy

will result in a constant value for a sawtooth function over time.

7.4 Overall Ranking

The overall ranking clearly shows that the ARMA strategy is generally the most ap-

plicable but, taking into account computational complexity, the AVG strategy proves

also a well suitable alternative. The ranking with the according average place values is

provided in table 6.

Strategy Rank Value

Binary 4 2.666

AVG 3 2.000

ARMA 1 1.222

ARMA G. 2 1.666

Table 6. Strategy Ranking

8 Conclusions Drawn Based on the Results of the Study

The results of the test cases presented here lead to the conclusion that sometimes a

simple strategy for simulation model parameter estimation like AVG can provide quite

satisfactory results. Especially in cases where the computational power is limited, sim-

ple methods like AVG should be preferred. In cases where the computational power

requirement is of no issue, the results of this study would recommend using ARMA

and AVG in combination and to decide, based on the underlying function, which strat-

egy to use for the prediction of the simulation model parameters.

If these two strategies could be combined in an advantageous way, the resulting

strategy might provide the best results for all test cases. To this end, further studies of

the behavior of the ARMA and ARMA G strategy should be conducted. The results

obtained in the test cases presented here should furthermore be reevaluated on other

web site structures and corresponding response time structures. A long term analysis
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(for more than 24 hours) on a productive web site environment with a high fluctuation

of requests are done with the AVG, ARMA and ARMA G strategy.

Additionally the impact of the predefined time period (cf. section 4 ”after how many

new requests the simulation should be executed”) should be analyzed in more detail, as

the latest studies suggest that this parameter has an influence on the results provided by

the ARMA strategy.

Furthermore, the popular field of evolutionary programming will be evaluated in

more detail. Nevertheless the expected problem with the method is that most likely the

time constraints which come with the idea of the system will render this method not

practicable, for this application.
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Abstract. The need to adapt to the changes implied by dynamic business envi-

ronments and constantly evolving requirements impose new challenges for the

development of modern Service-Based Applications. These applications become

drastically more flexible; they should be able to adequately identify and react

to various changes in the business requirements and application context. These

challenges make monitoring and adaptation the key elements of modern SBA

functionality.

The vision on the adaptation and monitoring we adopt in the S-Cube project

identifies a generic process that integrates adaptation and monitoring activities

in order to identify critical changes and problems. This vision aims to gener-

alize and broaden the state of the art in the SBA adaptation. First, it broadens

the perspective on what, how, and when may be monitored and adapted in or-

der to accommodate to changes and deviations. Second, it extends the defini-

tion of monitoring and adaptation themselves in order to bring into the game

approaches and mechanisms traditionally not exploited for these purposes. Last,

but not least, the S-Cube adaptation and monitoring vision aims to to cover and

integrate various research disciplines (such as Service-Oriented and Grid Com-

puting, Business Process Management, and Software Engineering), application

domains (B2B, user-centric systems), as well as different functional SBA layers.

On the one hand, this allows us to bring and re-use the ideas and approaches from

completely independent areas. On the other hand, such an integration makes the

cross-layer adaptation and monitoring first-class elements of this vision.

Seen from this broader perspective, such adaptation and monitoring picture aims

to integrate otherwise isolated and fragmented adaptation and monitoring ap-

proaches, methodologies and application domains, thus opening up new research

challenges and opportunities not only within the project, but also for the whole

SOA science and technology.

1 Introduction

Service-Based Applications (SBA) run in dynamic business environments and address

constantly evolving requirements. These applications should hence become drastically

� The research leading to these results has received funding from the European Community’s

Seventh Framework Programme FP7/2007-2013 under grant agreement 215483 (S-Cube).
�� This paper reports the vision jointly provided by the participants of the S-Cube workpack-

age WP-JRA-1.2 “Adaptation and Monitoring Principles, Techniques, and Mechanisms for

Service-based Applications”.
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more flexible, as they should be able to adequately identify and react to various changes

in the business requirements and application context. These challenges make monitor-

ing and adaptation the key elements of modern SBA functionality.

The problem of monitoring and adaptation of various types of software system has

gained a lot of interest both in the research community and in industry. In the recent

years, these aspects have attracted more and more interest in the area of SBA and in

Service-Oriented Computing (SOC). However, the results and directions are still in-

sufficient. First, the proposed approaches are very fragmented; they address only spe-

cific problems, particular application domains, and particular types of applications and

systems; the monitoring solutions are often isolated from the adaptation needs and ap-

proaches. Second, most of the approaches dealing with adaptation address the problem

reactively: the solutions aim to define a way to recovery from the problem when it is al-

ready happened rather than to prevent it to happen. This is, indeed, insufficient in certain

applications and domains. Third, as the applications, their users, and the settings where

they operate become more and more dynamic, open, and unpredictable, the role of the

application context (being a physical, business, or user-specific) becomes much more

critical. These issues are often omitted by the state-of-the-art solutions both for moni-

toring and adaptation. Very relevant to this is also the role and participation of various
types of users in the monitoring and adaptation process. The service-based applications

are often designed to target final users, and, therefore, should be able to collect and

properly exploit the information about the user in order to customize and personalize

those applications as well as to let the users participate to the corresponding activities.

In the S-Cube project the work on SBA monitoring and adaptation is devoted to

the development of the novel principles, techniques, and mechanisms focused on the

following key research aspects and questions [1]:

– Comprehensive adaptation and monitoring framework. The work will concen-

trate on providing holistic framework for adaptation and monitoring principles,

techniques, and methods, which will enable the integration of different, isolated,

and fragmented solutions. In particular, the framework will allow for:

• Cross layer integration of monitoring approaches. This form of integration is

crucial for modern SBA provisioning, as it provides a way to properly locate

and evaluate the source of the problem and its impact.

• Cross layer integration of adaptation approaches. This form of integration is

complementary to the previous one and will allow us to properly identify and

propagate the necessary adaptation activities in different elements of the SBA

architecture. As well as in case of monitoring, new solutions will integrate

isolated adaptation mechanisms available at different functional layers into the

holistic cross layer approaches.

• Cross boundary integration of monitoring and adaptation techniques. Here the

focus on identifying the role and the impact of various monitored events and

adaptation actions on the different participants of the system and its environ-

ment, as well as on distributing the information and the actions across those

participants accordingly.

• Cross life-cycle integration of monitoring and adaptation techniques to exploit

the knowledge and mechanisms available at different phases of the life-cycle
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(e.g., design-time or post-operational information) in order to devise, e.g., new

monitoring approaches (e.g., exploiting post-mortem process analysis for pre-

diction) or adaptation decision mechanisms (e.g., explore previous decisions

and adaptation effects to select proper adaptation strategy).

– Predictive SBA monitoring and proactive SBA adaptation. This work will con-

centrate on the problem of predicting the critical changes in SBA functioning in

order to proactively prevent undesired situations. In particular, the work will focus

on new techniques and solutions for adapting the system based on the predicted

quality values.

– Exploiting contextual information and user aspects for SBA monitoring and
adaptation. The information about different types of the SBA context, as well as

about the user and its settings, is crucial for the application logic. Novel approaches

are necessary for being able to specify and observe this information and for driving

the selection, realization, and enactment of the corresponding adaptation actions.

Here we illustrate the novel vision on the SBA adaptation and monitoring that we

have defined in S-Cube; this vision will provide a comprehensive, coherent framework

for the existing challenges and for the different research lines undertaken by S-Cube

and by the broader SOC research community. The vision will also place the adaptation

and monitoring research within the global picture and objectives of the S-Cube project;

will drive the identification of the competences – and gaps – of the consortium, and to

define the research roadmap, which will also be addressed by the project.

2 Conceptual Adaptation and Monitoring Framework

At the high level of abstraction, the adaptation and monitoring framework can be de-

scribed by the concepts represented in Figure 1. This figure identifies Monitoring Mech-

anisms, Monitored Events, Adaptation Requirements, Adaptation Strategies, Adapta-

tion Mechanisms, and the relations between these concepts, as the key elements of the

S-Cube A&M framework.

It is important to remark that the significance and the novelty of this conceptual

framework is not in the figure itself – it describes a standard sensing/planning/actuating

control chain. The significance and novelty is in the interpretation and a very broad

meaning that we give to the different concepts, and to the capability of the chain (i)
to allow for a very general integration of a wide range of mechanisms, techniques and

methodologies for monitoring and adaptation; and (ii) to allow for an ability to capture

and address new challenges and problems like cross-layer adaptation and monitoring,

pro-active SBA adaptation, and HCI-driven monitoring.

2.1 Elements of the Framework

A generic adaptation and monitoring framework consists of the following elements:

– With Monitoring Mechanism we mean any mechanism that can be used to check

whether the actual situation corresponds to the expected one. The meaning we give
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Fig. 1. Conceptual A&M framework

to the monitoring mechanisms is very broad; in this way, we refer not only to “clas-

sical” run-time monitoring facilities, but also to techniques such as post-mortem

log analysis techniques, data mining, online and offline testing and even verifi-

cation/validation, etc. Realization of monitoring mechanisms is provided by the

corresponding monitoring engines built on top of the monitoring infrastructures.

– Monitoring mechanisms are used to detect Monitored Events, i.e., the events that

deliver the relevant information about the application execution, evolution, and con-

text. These events represent the fact that there is critical difference with respect

to the expected SBA state, functionality, and environment. The monitored events

result from observing monitoring properties, derived from the adaptation require-

ments as a specification of the expected state and functionality of the SBA and its

environment. The notion of monitored events may be very broad ranging from basic

failures, deviation of QoS parameters, to complex properties over many executions

of SBA, certain trends in the SBA environment, changes in business rules, etc.

– Monitored events in turn trigger Adaptation Requirements, which represent the ne-

cessity to change the underlying SBA in order to remove the difference between the

actual (or predicted) situation and the expected one. They may include dependabil-

ity and functional correctness requirements, optimality, interoperability, usability,

etc.

– In order to satisfy adaptation requirements, it is necessary to define Adaptation
Strategies, which define the possible ways to achieve those requirements given

the current situation. Note that it is possible to have a set of different adaptation

strategies applicable in the same situation. In this case the process requires certain

decision mechanisms that operate autonomously or involve humans.

– Finally, the adaptation strategies are realized by the Adaptation Mechanisms – the

techniques and facilities provided by the underlying SBA or by the operation and

management platform in different functional SBA layers that enable corresponding

strategies. The adaptation may be also done “manually”, i.e., by re-designing/re-

engineering the application. In this case we should speak about application evo-

lution as the permanent SBA changes are required that should be done via SBA

re-design.

An important aspect of these conceptual elements is the necessity to define and im-

plement the corresponding decision mechanisms, which correspond to the four arrows

in the picture in Figure 1 and coordinate the work of the framework and realize the

relations among them. In particular,
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�

•Monitor of QoS metrics
•SC behavior monitors
•BAM/BI
•Process/data mining
•Online testing/analysis

Monitoring 
mechanisms

Adaptation 
mechanisms

Monitored 
events

Adaptation 
requirements

Adaptation 
strategies

detect

trigger

achieve

realize •discovery/re-binding
•Automated service 
composition
•Re-design

•Faults/failures
•unforeseen executions
•QoS degrade
•Business-level trend

•Complete failed actions
•Avoid unavailable service
•Optimize QoS
•Correct behavior
•React to prospective loss

•Replace services
•Change providers
•Re-compose workflow
•Involve analysts for 
decisions

Fig. 2. Realization of conceptual elements

– Monitoring properties allow us to analyze the variety of SBA information observed

during its execution and evolution, and to extract and report those events and situa-

tions that are critical from the point of view of the monitoring.

– Adaptation decision mechanisms relate the monitoring activities with the adapta-

tion activities: they regulate when a particular monitored event corresponds to a

situation in which the system should be changed.

– Strategy decision mechanisms define the way a particular adaptation strategy is

chosen based on the adaptation needs, SBA state, history of previous adaptations,

etc. In particular, these mechanisms will provide a way to resolve conflicts among

different adaptation requirements.

– Realization mechanisms define how a particular strategy is realized, when there is a

wide range of available options (e.g., many services to bind in place of failed one).

Note that the realization of these decision mechanisms may be done automatically

or may require user involvement. In the latter case we speak about the human-in-the-

loop adaptation: the users (with different roles) may decide whether the adaptation is

needed, which strategy to choose, and even participate to its realization (e.g., manual

ad-hoc SBA adaptation through re-design).

2.2 Usages of the Framework

The role of the picture in Figure 2 is threefold: to provide an integrated model of the

A&M framework, to define a conceptual architecture of such a framework, and to iden-

tify an overall adaptation process.

As an integrated model for the A&M framework it defines key concepts for mon-

itoring and adaptation which are by design very general. This allows us to capture any

adaptation approach in a uniform way, independently from the problem or application

domain, discipline, functional layer, or type of the problem addressed. This also pro-

vides a basis for the integration of different solutions within a single approach, and

re-use of existing solutions for various purposes.

Each conceptual element may be instantiated in a variety of ways (see Figure 2):
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– different mechanisms and techniques may be exploited for the SBA monitoring

such as run-time monitoring tools, online testing, process log analysis.

– a variety of different events may be observed for the same application such as vari-

ous faults, QoS degrade and violation of SLAs, deviation from the expected behav-

ior. These event may refer to a particular instance (or execution) of an application

or to all the instances; they may also correspond to different functional SBA layers.

– the list of adaptation requirements, strategies, and their implementations may be

also very broad (e.g., re-execution of a particular service or changing a provider,

modifying the composition or even re-design of the application) and may also refer

to a particular instance or to the whole application model.

Furthermore, these instances may be further combined in a variety of ways within dif-

ferent approaches, and then applied to the same SBA.

Almost all the existing approaches covered in the state of the art [2] can be mapped

into this model by suitable instantiations of the conceptual elements. For instance,

– Approaches with dynamic re-binding: the service composition is monitored, ser-

vice faults are detected, a re-execution strategy is realized through discovering,

re-binding, and invoking alternative service.

– Provider reputation-based adaptation: QoS metrics statistics is collected, SLA vi-

olations are detected, a reputation management strategy is applied, the provider is

added to the black list and replaced.

More important, novel approaches are being defined as part of the S-Cube research

activities by new instantiations of this model:

– Cross-layer adaptation: the service events are monitored, the dependency analysis

is applied to correlate service events to the business activity events (like unforeseen

process execution), the process instance is modified by the business analysts in ad-

hoc manner, the modification is propagated to the composition and infrastructural

layers.

– Proactive adaptation based on online testing [3]: composition is tested, the unavail-

ability of a service component is detected, alternative service is discovered and

rebind in the composition.

Second, this picture defines a conceptual architecture of a comprehensive adap-

tation framework. The modularization of these concepts allows us to define key com-

ponents of the A&M tools, to identify the interfaces between these components and to

abstract from any specific realization of these components. On the contrary, within the

same component different mechanisms and techniques may be applied in combination.

In this way, one can obtain more flexible, customizable, and powerful adaptation and

monitoring solutions.

Third, the picture identifies an overall adaptation process, where: (i) the relevant

information is collected through the monitoring mechanisms; (ii) critical events are rec-

ognized; (iii) the need for adaptation is identified; (iv) an appropriate way to perform

the adaptation is identified, i.e., an adaptation strategy is selected; and (v) the adap-

tation is realized by exploiting the available adaptation mechanisms. This adaptation

approach is aligned with the SBA life-cycle and is represented in Figure 4.
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Fig. 3. Life-cycle: contributions related to adaptation

2.3 Monitoring and Adaptation in SBA Life-cycle

An orthogonal view on the monitoring and adaptation problem may be thought of if we

try to place this problem within the SBA life-cycle described in [4, 5] (Figure 3). This

view shows how the relevant activities and artifacts related to the conceptual elements

presented previously are spread across the whole SBA life, and provides a basis for

the cross-life-cycle integration of various A&M-related mechanisms, approaches, and

techniques.

In particular, the figure shows how various adaptation- and monitoring-specific ac-

tions (depicted in green) are carried out throughout the life-cycle of the SBA and how

the corresponding artifacts (depicted in yellow) are exploited within those activities. We

remark that different adaptation and monitoring activities and artifacts are highly inter-

leaved through the SBA life-cycle and affect each other. Consequently, their definition,

development, and exploitation should be performed in holistic manner motivating the

need for cross life-cycle monitoring and adaptation methods and approaches.

During early requirements engineering, the adaptation goals and monitoring re-

quirements are defined. The goals and requirements are based on the quality model

of the developed SBA and may involve various aspects, quality characteristics and at-

tributes. In this phase, it is important not only to devise the appropriate monitoring and

adaptation facilities, but also to see how the adaptation goals should be achieved, that

is, whether the application has to be modified pro-actively or re-actively, what is the

role of the contextual and user-specific information, etc.

At the requirements engineering and design phase the goals and requirements are

brought in to perform the design for adaptation and monitoring. In particular, the appro-

priate monitoring and adaptation architecture, the decision mechanisms, and the corre-

sponding techniques are being selected, adopted, and instantiated. Using this model, the

monitoring requirements and adaptation goals are being transformed into the monitor-

ing properties and the adaptation strategies respectively.
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Fig. 4. User perspective on the Adaptation and Monitoring across SBA life-cycle

During SBA construction, together with the construction of the SBA, the corre-

sponding monitors and the adaptation mechanisms are being realized. It is also impor-

tant in this phase to ensure that the developed adaptation mechanisms are neither con-

tradictory nor in conflict with the application logic, i.e., to perform adaptation-specific

quality assurance activity, such as validation and verification of the adaptation strate-

gies, specifications, and realizations.

The deployment phase involves also the activities related to adaptation and monitor-

ing: deployment of the monitors and monitoring mechanisms; deployment time adapta-

tion actions (e.g., binding), testing and validation of operational context (e.g., evaluation

of QoS metrics). After the operation and management phase, where the monitoring and

adaptation activities interleave the application execution, specific post-execution ac-

tivities may take place. This includes, for instance, the analysis of the previous SBA

executions and adaptations, as well as the evolution of SBA and related mechanisms,

bringing the latter back to the design phase.

The adaptation and monitoring mechanisms, tools, and facilities are actively ex-

ploited during the phases related to the modification of SBA, i.e., during the identifica-

tion and realization of the adaptation needs. In particular, the most critical monitored

properties characterize a serious deviation of the SBA functioning from the expected

one, and therefore identify adaptation needs. Depending on the adaptation requirements

this identification may be done re-actively or pro-actively. Various adaptation strategies
developed during the design-time phase are instantiated and selected using the corre-

sponding decision mechanisms, based on the current situation and/or on the knowledge

obtained from the previous adaptations and executions. Finally, the enactment of the
adaptation strategy is performed by the developed adaptation mechanisms. We remark

that the implementation of these activities and phases may be performed by the SBA

autonomously or may involve active participation of the various human actors (human-

in-the-loop adaptation).

2.4 User Perspective

An important perspective of the introduced vision concerns the involvement of dif-

ferent user roles in the adaptation- and monitoring-related activities across the overall
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A&M process and across the activities of the SBA life-cycle (Figure 4). This perspec-

tive introduces an additional dimension of the problem, which makes the corresponding

approaches range from completely autonomous (self-* approaches) to interactive and

manual (human-in-the-loop approaches). We can distinguish the involvement of the

users according to the participation to the life-cycle of the adaptable SBA and to the

adaptation and monitoring process.

In case of participation to the life-cycle activities one can identify the roles of re-

quirements engineers, designers, and adaptation engineers. A Requirements Engineer
defines the application requirements and, therefore, identifies and derives the adapta-

tion and monitoring requirements. A Designer (besides designing the SBA itself) may

perform manual or semi-automatic design-time adaptation of the application based on

the information and requests for changes triggered at the operation and management

phase of the SBA life-cycle. An Adaptation Engineer performs specific activities that

target design for monitoring and adaptation, i.e., definition and specification of mon-

itored properties and adaptation strategies, and possibly engineering of novel A&M

techniques and mechanisms.

In case of participation to the adaptation process, specific roles may also be iden-

tified. Given the conceptual model, these roles correspond to the participation of the

user in the realization of various decision mechanisms (to define whether adaptation is

needed, which strategy to use and how to realize it). This includes SBA Manager (or

Integrator), who observes how the application is executed and evolves in order to make

critical decisions (e.g., triggering requests for SBA re-design/re-engineering), and End
Users. The latter may be involved into the A&M process as follows: in case of user-

centric SBAs, the adaptation aims to address the needs, preferences, and expectations

of a particular user; the system adapts to the context of the user and to the way the user

interacts with the application. Therefore, end-users directly or indirectly influence the

way the adaptation and monitoring is performed, i.e., affect adaptation and monitoring

mechanisms.

3 Roadmap

We have presented a global vision on the problem of SBA monitoring and adaptation

adopted within the S-Cube research project. Having started from a very abstract and

high-level conceptual model, we have considered the monitoring and adaptation from

different perspectives, including the overall adaptation and monitoring process, role

of these activities in the SBA life-cycle, user involvement etc. The aim behind this

perspectives was to to bring together different research disciplines, application domains,

and functional elements of the SBA architecture.

The presented perspectives on the SBA monitoring and adaptation identify not only

the key elements and concepts of the corresponding SBA functionalities and architec-

ture, but also highlight the potential challenges and research problems across relevant

SBA areas.

First, it makes evident the need of dramatically higher level of integration of cur-

rently fragmented research results in adaptation and monitoring. The scope of these

functionalities should be broadened both horizontally and vertically. In the former case
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the integration requires frameworks and methodologies that consider whole life-cycle

of SBAs: novel techniques and approaches focusing on the design for monitoring and

adaptation, Quality Assurance methods specifically focusing on the adaptation activ-

ities; integration of proactive monitoring and preventive adaptation with post-mortem

analysis techniques and SBA re-engineering activities. Furthermore, such integration

enables not only extending the adaptation and monitoring from being narrowly run-

time activities to end-to-end activities, but also brings the other activities (such as test-

ing, verification, model analysis) into the adaptation process (e.g., to enable pro-active

adaptation). In the latter case, the integration requires bringing together and consider-

ing various SBA elements that are subject to monitoring and adaptation. As a result,

integrated frameworks are necessary that enable observing information and enacting

adaptation activities at different functional SBA layers, across single SBA instance or

across variety of instance and classes, and even across the adaptation and monitoring

mechanisms themselves. This also concerns the SBA context, which, considered from

broader perspective, may include not only execution infrastructure of the SBA, but also

SBA users, user preferences and environments, business settings, grid architectures, etc.

Second, the vision spots the importance of the human involvement in the adapta-

tion and monitoring process. While there exists a wide range of approaches that target

autonomous mode of functionality and self-adaptation of SBA, the role of the user in

many adaptation and monitoring activities is crucial. This ranges from the design phase,

where the traditional steps are extended in order to take into account specific adapta-

tion activities, to run-time phase, where the SBA users, SBA managers and operators

are actively involved and influence the adaptation process, e.g., by making decisions or

by changing preferences and SBA configurations. Consequently, novel methodologies

are needed that take into account the specific user activities and interfaces at different

phases of the SBA life-cycle.
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